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Resumen 
La foto-catálisis es un método promisorio para la remoción de contaminantes orgánicos, 
químicos peligrosos y colorantes del agua y el aire. La actividad de los foto-catalizadores 
depende de su habilidad para crear pares electrón-hueco, los cuales generan radicales libres 
que se someten a reacciones posteriores para mejorar la degradación del efluente. Un 
material ideal debe combinar: alta eficiencia en la conversión de energía solar, alta actividad, 
no-toxicidad, estabilidad, disponibilidad y bajo costo. El TiO2 es el foto-catalizador más 
utilizado debido a que presenta la mayoría de esas propiedades. Sin embargo, la rápida 
recombinación de los pares electrón-hueco foto-generados al igual que su amplio ancho de 
energía prohibida (Band-gap) disminuye su efectividad. Varias estrategias pueden ser usadas 
para mejorar su eficiencia catalítica, entre ellas dopaje/carga con iones metálicos o no-
metálicos. Sin embargo, han sido  reportados resultados controversiales dependiendo del 
método de preparación, cantidad del metal, precursor, clase de contaminante a ser 
degradado, etc. 
 
En este trabajo, se presenta un estudio comparativo de las propiedades térmicas, texturales, 
morfológicas y físico-químicas del TiO2 y los sistemas Metal/TiO2. Los catalizadores 
Metal/TiO2 con contenido nominal 0.5-5 wt.% fueron preparados por el método de 
impregnación y calcinados en aire a 500°C. Como materiales iniciales se emplearon 
Fe(NO3)3.9H2O, Co(NO3)2.6H2O, Cu(NO3)2.3H2O, (NH4)6Mo7O24.4H2O y TiO2 (Degussa P25). Las 
propiedades térmicas, texturales, morfológicas y físico-químicas fueron estudiadas por: ZPC, 
AAS, TG-DTA-MS, XRD, BET, SEM, FTIR, espectroscopias Raman y de Reflectancia Difusa. 
Éstas ayudaron a entender el desempeño foto-catalítico de los sistemas estudiados. La 
actividad foto-catalítica fue verificada para una reacción modelo de degradación de fenol (10-
50 ppm) en luz UV (365 nm) y luz visible (>400 nm), a temperatura ambiente, en el rango de 
pH de 1 a 8, con un tiempo de reacción=120 min. Los catalizadores estudiados presentaron 
los siguientes órdenes de actividad: TiO2 (89.6%) > 1% Mo/TiO2 (78.6%) > 1% Fe/TiO2 
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(30.1%) > 1% Cu/TiO2 (18.6%) > 1% Co/TiO2 (11.2%) y TiO2 (11.4%) > 1% Mo/TiO2 (11%) 
> 1% Co/TiO2 (6%) > 1% Cu/TiO2 (4.4%) > 1% Fe/TiO2 (3%) en luz UV y visible, 
respectivamente. El molibdeno fue seleccionado como el metal más promisorio. A 
continuación, su carga óptima fue determinada considerando su foto-actividad. Los 
siguientes órdenes de actividad catalítica fueron encontrados: 2% Mo/TiO2 (96.2%) > TiO2 
(89.6%) > 1% Mo/TiO2 (78.6%) > 3% Mo/TiO2 (72.3%) > 0.5% Mo/TiO2 (50.9%) > 5% 
Mo/TiO2 (37.41%) y 2% Mo/TiO2 (14.3%) > TiO2 (11.4%) > 1% Mo/ TiO2 (11%) > 
3%Mo/TiO2 (4.6%) > 5% Mo/ TiO2 (3.9%) > 0.5% Mo/ TiO2 (2.9%), respectivamente para las 
reacciones realizadas en luz UV y visible. El material 2% Mo/TiO2 fue seleccionado como el 
más activo de todos los sistemas M/TiO2. Se implementó un diseño experimental del tipo 
Box-Behnken (BBD) con el fin de optimizar el proceso. Cuando se empleó TiO2 (luz UV y 
visible), las condiciones de operación óptimas fueron: Ci=10ppm, Cat=0.7g/L y pH=8. Para el 
catalizador 2wt.%Mo/TiO2, las condiciones óptimas dependieron fuertemente del recurso de 
luz aplicado. En luz UV fueron: Ci=10ppm, Cat=0.7g/L y pH=8. Kapp fue ca. 2 veces mayor que 
la del TiO2. En luz visible, Ci=10 ppm, Cat=0.1 g/L, pH =3.6. El 2wt.% Mo/TiO2 fue más 
eficiente, especialmente en pHs intermedios, donde el TiO2 no es apto para la reacción. En las 
condiciones optimizadas, su carga fue 7 veces menor que la del TiO2 no soportado. El pH 
optimizado fue cercano al natural de las aguas residuales fenólicas. Los ensayos catalíticos 
aplicando catalizadores usados (reciclados) también fueron desarrollados con el fin de 
evaluar la posible desactivación de catalizador. La velocidad de reacción decreció debido a las 
especies químicas adsorbidas en la superficie del catalizador las cuales cubren los sitios 
activos. 
 
Palabras clave: Foto-catálisis heterogénea, TiO2, M/TiO2, dopaje con metales, foto-
degradación de fenol, Diseño Box-Behnken. 
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Abstract 
Photo-catalysis is a promising method for the removal of organic pollutants, harmful 
chemicals and dyestuff from water and air. The activity of a photo-catalyst greatly depends 
on its ability to create electron-hole pairs, which generates free radicals that undergoes 
further reactions to rich the effluent degradation. An ideal material should combine: high 
efficiency in solar energy conversion, high activity, biological and chemical non-toxicity,  
stability, availability and low cost. TiO2 is the most widely used photo-catalyst since it 
presents most of these properties. However, the rapid recombination of its photo-generated 
electron-hole pairs as well as its large band gap energy diminishes its effectiveness. Several 
strategies can be used to improve its catalytic efficiency, among them doping/loading with 
metal or nonmetal ions. However, controversial results depending on the catalyst 
preparation method, metal loading, precursor, kind of pollutant to be degraded, etc. have 
been reported.  
 
Here, the comparative study of the thermal, textural, morphological and physico-chemical 
properties of TiO2 and Metal/TiO2 systems is presented. Metal/TiO2 catalysts with nominal 
metal content of 0.5-5 wt.%, were prepared by incipient wet impregnation method and 
calcined in air at 500°C. Fe(NO3)3.9H2O, Co(NO3)2.6H2O, Cu(NO3)2.3H2O, (NH4)6Mo7O24.4H2O 
and TiO2 (Degussa P25) were employed as starting materials. Physico-chemical properties 
were studied by: zero-point-charge determination (ZPC), atomic absorption spectroscopy 
(AAS), thermo-gravimetric-differential thermal analysis- Mass spectrometry (TG-DTA-MS), 
X-ray diffraction (XRD), nitrogen adsorption at 77 K (BET), Scanning Electron Microscopy - 
Energy Dispersive Spectroscopy (SEM-EDS), Fourier-Transform Infrared Spectroscopy 
(FTIR), Raman and diffuse reflectance spectroscopies. They helped to understand the photo-
catalytic performance of the studied systems. Photo-catalytic activity was verified for a 
model reaction of phenol degradation (10-50 ppm) under UV (365 nm) and visible light (> 
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400 nm), at room temperature, in the pH range of 1-8, with reaction time=120 min. The 
studied catalyst presented the following activity orders: TiO2 (89.6%) > 1% Mo/TiO2 (78.6%) 
> 1% Fe/TiO2 (30.1%) > 1% Cu/TiO2 (18.6%) > 1% Co/TiO2 (11.2%) and TiO2 (11.4%) > 1% 
Mo/TiO2 (11%) > 1% Co/TiO2 (6%) > 1% Cu/TiO2 (4.4%) > 1% Fe/TiO2 (3%) under UV 
radiation and Visible light, respectively. Molybdenum was selected as the most promising 
metal. Next, its optimal loading was determined considering its photo-activity. Therefore, the 
following orders of catalytic activity were found: 2% Mo/TiO2 (96.2%) > TiO2 (89.6%) > 1% 
Mo/TiO2 (78.6%) > 3% Mo/TiO2 (72.3%) > 0.5% Mo/TiO2 (50.9%) > 5% Mo/TiO2 (37.41%) 
and 2% Mo/TiO2 (14.3%) > TiO2 (11.4%) > 1% Mo/ TiO2 (11%) > 3%Mo/TiO2 (4.6%) > 5% 
Mo/ TiO2 (3.9%) > 0.5% Mo/ TiO2 (2.9%), respectively for the reactions performed in UV and 
visible light. The 2% Mo/TiO2 material was selected as the most active from all the M/TiO2 
series. A Box-Behnken experimental design (BBD) was performed in order to optimize the 
process. When TiO2 was used (UV and visible light) as photo-catalyst, the following optimal 
operational conditions were found: Ci=10ppm, Cat=0.7g/L and pH=8. In the case of 2 wt.% 
Mo/TiO2 catalyst, the optimal operational conditions strongly depended on the applied light 
source. Thus, under UV light: Ci=10ppm, Cat=0.7 g/L and pH=8 were found as the optimal 
ones. Kapp was ca. 2 times higher than that of TiO2. Under visible light, and Ci=10 ppm, Cat=0.1 
g/L, pH =3.6. The 2 wt.% Mo/TiO2 was more efficient under visible light, especially at 
intermediate pHs, where TiO2 is not able to carry out the reaction. At optimized conditions, 
its loading was 7 times lower than that of unsupported TiO2. The optimized pH value was 
closer to the natural one of phenol-containing wastewater. The catalytic tests applying used 
(recycled) catalysts were also performed in order to evaluate catalyst deactivation, if any. 
Degradation rate decreased due to chemical species adsorbed on the catalyst surface which 
cover the active sites. 
 
Keywords: Heterogeneous photo-catalyst, TiO2, M/TiO2, metal doping, phenol photo-
degradation, Box-Behnken Design. 
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INTRODUCTION 
 
Climate change and the consumption of non-renewable resources are considered as one of 
the greatest problems facing humanity. In this sense, preservation and treatment of water 
had become a priority over the world. The interest in the reuse and recycling of wastewater 
effluent is rapidly growing and turning into a necessity for water utilities. Nevertheless, a 
major fraction of pollutants resulting from chemical industries is presented as wastewaters 
streams. According to ANDESCO (Asociación Nacional de Empresas de Servicios Públicos y 
Comunicaciones), in Colombia only 30% of wastewaters are treated.  
 
Among water pollutants, phenol and its derivatives are well known for their bio-recalcitrant 
and acute toxicity, being introduced into the aquatic environment through various 
anthropogenic inputs: production of resins, herbicides, pharmaceutical products, colorants, 
paints, etc. According to Central of Pollution Control Board, CPCB, the discharge limit of 
phenols in inland water is 1 mg/L and for the Colombian standard for water quality (NTC-
813-2010) the maximum permissible value for phenol in drinking water is 0,001 ppm. 
Conventional wastewater purification systems such as activated carbon adsorption, 
membrane filtration, chemical coagulation, etc., also generate wastes during the treatment of 
contaminated water, which requires additional steps and cost. Considering that traditional 
techniques for wastewater treatment only transfer the organic compounds to another phase 
leaving their structure unchanged, it can be stated that they do not offer a complete solution. 
On the other hand, biological processes are not recommended if the compounds to be 
degraded present resistance or are toxic for microorganisms as well as if BOD5/COD ratio of 
wastewater is lower than 0.40. Therefore, the processes able to satisfy a very strict upcoming 
legislation are required.  
 
Techniques like heterogeneous photo-catalysis, which can achieve depth changes in the 
pollutant structure and degrade toxic compounds have a growing interest and are becoming 
an excellent alternative for wastewater treatment. An ideal material should combine: high 
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efficiency in solar energy conversion, high activity, biological and chemical non-toxicity, 
inercity, stability, availability and low cost. TiO2 is the most widely used photo-catalyst since 
it presents most of these properties. The principal problem of titania is its high band gap. In 
this way, TiO2 only uses a low fraction of solar spectra: UV light. However, sunlight consists of 
about 46% visible light, 47% infrared radiation and only 5-7% ultraviolet light. Several 
strategies have been used to improve photo-catalytic efficiency of TiO2 among them 
doping/loading with metal or nonmetal ions. However, controversial results were obtained 
depending on the preparation method, metal loading, metal precursor, etc. Band gap 
modification by doping with transition metal is commonly used with the purpose of 
extending light absorption to the visible region creating energy states within the band gap. 
Doping with transition metals results especially interesting due to their similitude with 
titania properties such as atomic radius and electronegativity. 
 
The aim of this thesis was to study the effect of transition metal doping (cobalt, copper, iron 
and molybdenum) in the thermal, textural, morphological and physico-chemical properties of 
TiO2 and Metal/TiO2 systems.  
 
In order to reach the proposed goals, the following activities were developed:  
 Bibliographic study 
 Preparation of Metal/TiO2 systems with nominal metal content of 0.5-5 wt.%, by 
incipient wet impregnation method. 
 Study of and physico-chemical properties of the materials. 
 Evaluation of the effect of metal content on the physico-chemical properties of TiO2 
systems. 
 Study of the photo-catalytic activity of synthetized materials in a model reaction (e.g. 
phenol degradation). 
 Evaluation of the effect of metal content on the photo-catalytic activity of TiO2. 
 Comparison of the obtained results with literature. 
 Selection of the best material for the photo-catalytic process. 
 
The characterization of the obtained materials was performed using the following methods: 
 Thermo-gravimetric-differential thermal analysis- Mass spectrometry (TG-DTA-MS) 
 Zero-point-charge determination (ZPC) 
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 Atomic absorption spectroscopy (AAS) 
 X-ray diffraction (XRD) 
 Nitrogen adsorption at 77 K (BET) 
 Scanning electron microscopy - energy dispersive spectroscopy (SEM-EDS) 
 Fourier-transform infrared spectroscopy (FTIR) 
 Raman spectroscopy 
 Diffuse reflectance spectroscopy 
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1. BIBLIOGRAPHIC STUDY 
1.1 Introduction  
Climate change and the consumption of non-renewable resources are considered as one of 
the greatest problems facing humanity (Gupta & Tripathi, 2011). In this sense, preservation 
and treatment of water has become a priority over the world. The interest in the reuse and 
recycling of wastewater effluent is rapidly growing and turning into a necessity for water 
utilities (Ahmed et al., 2011b). Nevertheless, according to ANDESCO (Asociación Nacional de 
Empresas de Servicios Públicos y Comunicaciones), in Colombia only 30% of wastewaters 
are treated. A major fraction of pollutants resulting from chemical industries is presented as 
wastewaters streams. 
 
Among water pollutants, phenol and its derivatives are well known for their bio-recalcitrant 
and acute toxicity, being introduced into the aquatic environment through various 
anthropogenic inputs: production of resins, herbicides, pharmaceutical products, colorants, 
paints, etc. (Gil-Pavas et al., 2009). Phenols variety, toxicity, and persistence can directly 
impact the health of ecosystem and humans through contamination of drinking water 
supplies, e.g., surface and ground water (Ahmed et al., 2011b). They are generally considered 
to be one of the important organic pollutants discharged into the environment causing 
unpleasant taste and odor of drinking water, even at low concentration (Grabowska et al., 
2012). 
 
According to the Central of Pollution Control Board, CPCB, the discharge limit of phenols in 
inland water is 1 ppm and along with the Colombian standard for water quality (NTC-813-
2010), the maximum permissible value for phenol in drinking water is 0.001 ppm.  However, 
the present legislation in other countries stipulates even lower values. The Environmental 
Protection Agency (United States of America), USEPA, has set a water purification standard of 
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less than 1 ppb of phenol in surface waters. In Italy, for example, in agreement with the 
recommendations of the European Union, the limit for phenols in potable and mineral waters 
is 0.5 ppb, while the limits for wastewater emissions are 0.5 ppm for surface waters and 1 
ppm for the sewerage system (law no. 152/2006) (Busca et al., 2008). 
 
Traditional techniques for wastewater treatment (e.g., activated carbon adsorption, 
membrane filtration, chemical coagulation, precipitation, liquid–liquid extraction, etc.), only 
transfer the organic compounds to another phase leaving their structure unchanged and 
generating wastes during the treatment of contaminated water (Ahmed et al., 2010). As it can 
be seen, they do not offer a complete solution. Therefore, the processes able to satisfy a very 
strict upcoming legislation are required.  
 
Techniques like heterogeneous photo-catalysis, which can achieve depth changes in the 
pollutant structure and degrade toxic compounds have a growing interest and are becoming 
an excellent alternative for wastewater treatment. In the last 20 years development of two of 
the most interesting disinfection alternatives has been achieved: solar disinfection and TiO2 
photo-disinfection under UV illumination (Khraisheh et al., 2012). Additionally, 
heterogeneous photo-catalytic technology has been coupled with biological treatment to 
increase its industrial feasibility. Such coupling allows the retention time in biological 
treatment stages to be reduced, where the non-biodegradable compounds of the wastewater 
can be turned into biodegradable compounds with the aid of photo-catalytic treatment 
(Chong et al., 2010). 
 
TiO2 is almost an ideal photo-catalytic material due to its (i) high efficiency in solar energy 
conversion, (ii) high activity, (iii) biological and chemical non-toxicity, inercity, stability, (iv) 
availability and low cost. The principal problem of TiO2 is that it only uses a low fraction of 
solar spectra. Therefore, it is a challenge to improve its sensitivity and photo-catalytic 
efficiency. Several strategies have been proposed to solve mentioned problems, and doping 
with metal or nonmetal ions seems to be one of the most promising options; however its 
application in water disinfection requires further investigation (Khraisheh et al., 2012). 
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1.2 Phenol 
1.2.1 Physical and chemical properties  
Phenol (carbolic acid, phenic acid, hydroxybenzene) is an aromatic compound with the 
formula C6H5OH. Its molecule (Figure 1-1) consists of a phenyl group (-C6H5) bonded to a 
hydroxyl group (-OH). Some physical and chemical properties of phenol are summarized in 
Table 1-1. At ambient temperature and pressure, it is a hygroscopic crystalline solid. Pure 
phenol is white, but it is mostly colored due to the presence of impurities.  
 
Figure 1-1. Phenol formula 
 
Table 1-1. Chemical and physical properties of phenol  (Busca et al., 2008) 
Formula C6H5OH 
Molecular weight (g/mol) 94.11 
Tmelt (°C) 40.9 
Tb (°C) 181.75 
Density (20°C) 1.0545 
Water solubility 9.3 g/100 mL H2O 
pKa 9.89 
Flammability limits in air (vol%) 
1.7 (lower) 
8.6 (higer) 
Flash point (°C) 79 
Autoignition temperature (°C) 715 
 
Phenol is a weak acid with a limited solubility in water (9.3 g/100 mL H2O). It is very soluble 
in ethanol, ether, and several polar solvents, as well as hydrocarbons such as benzene (Busca 
et al., 2008). Heat contributes to the instability of phenol. Its contact with strong oxidants, 
especially with calcium hypochlorite (CaClO), can cause explosions and fire. Liquid phenol 
attack some plastics, rubbers and coatings. Hot liquid phenol attacks aluminum, magnesium, 
lead, and zinc metals (Ministerio de Ambiente Vivienda y Desarrollo Territorial de Colombia, 
2003). This combustible compound is characterized with a typical pungent sweet, medicinal, 
or tar-like odor (Busca et al., 2008). 
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1.2.2 Industrial sources  
Phenol was first isolated from coal tar in 1834 by the German chemist Runge. Nowadays, it is 
produced on a large scale (about 6 million ton/year) worldwide with a significant increasing 
trend (Busca et al., 2008). It is an important industrial product used as a precursor of many 
materials and useful compounds. The most important sources of phenol pollution are: coke 
ovens (28-3900 mg/l), carbon conversion processes (9-6800 mg/l), oil refineries (6-500 
mg/l), petrochemical (2.8-1220 mg/l) and other industries (0.1-1600 mg/l) (Bravo et al., 
2004). Its concentration in biologic treatment plants should not exceed 1-2 ppm (Blesa, 
2001). About 26.3% of phenol eventually ends up in air, approximately 73.3% in water and 
about 0.2% in terrestrial soil and aquatic sediments (Mohan et al., 2004). According to the 
European Pollutant Emission Register, phenol emission to water is reported to be ca. 20 kg 
per year. In Colombia, phenol and its derivatives are present in wastewaters from different 
industries such as: the Phenolic Resins Industry placed in Medellin, the Polymer Plant in 
Cartagena or the oil extraction processes over the country.  Petroleum refining processes 
have a high pollution potential. In the case of Barrancabermeja Refinery phenols 
concentration can vary between 20000 and 150000 ppm (Vergel Díaz & Arango Ceballos, 
2010).  
1.2.3 Industrial applications 
Phenol and its chemical derivatives are key components for building polycarbonates, epoxies, 
Bakelite, nylon, detergents, herbicides and numerous pharmaceutical drugs (Weber et al., 
2004). As a pure substance, phenol is used as a disinfectant, for the preparation of some 
cream and shaving soap for its germicidal and local anesthetic properties, in veterinary 
medicine as an internal antiseptic and gastric anesthetic, as a peptizing agent in glue, as an 
extracting solvent in refinery and lubricant production, as a blocking agent for isocyanate 
monomers, as a reagent in chemical analysis and as a primary petrochemical intermediate 
(Busca et al., 2008).  
 
Phenol is mostly used as intermediate for phenolic resins fabrication (35%) like phenol–
formaldehyde resins (Bakelite) which are low-cost thermosetting resins applied as plywood 
adhesive, construction, automotive and appliance industries. By reaction with acetone it may 
also be converted into bisphenol A, a monomer for epoxy-resins (28%). It is also used to 
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produce cyclohexanone and cyclohexanone–cyclohexanol mixtures by selective catalytic 
hydrogenation. Cyclohexanone is later converted into its oxime and further to Ɛ-
caprolactame, the monomer for nylon 6 (16% of phenol applications). The mixture 
cyclohexanone–cyclohexanol is oxidized by nitric acid to adipic acid, one of the monomers for 
the production of nylon-6,6. Phenol is also used to produce polyphenoxy and polysulphone 
polymers, corrosion-resistant polyester and polyester polyols (Ministerio de Ambiente 
Vivienda y Desarrollo Territorial de Colombia, 2003; Busca et al., 2008). 
 
Phenol may be converted into xylenols, alkylphenols, chlorophenols, aniline, and other 
secondary intermediates in the production of surfactants, fertilizers, explosives, paints and 
paint removers, textiles, rubber and plastic plasticizers and antioxidants, and curing agents 
and so on. Phenol is also a building block for the synthesis of pharmaceuticals, such as, e.g., 
aspirin (Busca et al., 2008). 
1.2.4 Phenol and health  
Phenol was widely used in XIX century for the treatment of injuries and as antiseptic or local 
anesthetic. Its sterilizing activity was discovered by the English surgeon Joseph Lister in 
1865 (Busca et al., 2008). At present, is also used as antipruritic, cauterizing agent, topical 
anesthetic and as a chemical repellent for the skin. Phenol is incorporated into disinfectants, 
antiseptics, ear and nose drops, mouthwashes and topical analgesics. The germicidal activity 
of phenol appears associated to its protein denaturing ability. It has lipofile properties, so it 
binds itself to the bacterial protein by hydrogen bonds (Busca et al., 2008). Nevertheless, the 
presence of phenol and its derivatives in low concentrations, in secondary wastewater 
effluents, rivers and lakes are a major health concern due to their extremely high endocrine 
disrupting potency and genotoxicity (Ahmed et al., 2010).  
 
Phenol is a corrosive substance. Contact with it causes chemical burns. Excessive exposure to 
phenol may cause health effects on the brain, digestive system, eye, heart, kidney, liver, lung, 
peripheral nerve, skin and the unborn child. Phenol may also cause genetic damage (Danet, 
2013). The ingestion of 1 g of phenol is deadly for man. Its presence, even at very low 
concentrations (1-10 ppm), produces an unpleasant taste of water (Blesa, 2001). As a result, 
the allowed concentration of phenols in water is low. Consequently, considerable efforts have 
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been made to develop suitable purification methods able to destroy those compounds and 
satisfy the environmental regulations. 
1.3 Abatement technologies for phenol in wastewater  
Wastewater treatment technologies can be classified as destructive and non-destructive 
techniques. Table 1-2 presents different technologies for the treatment of phenol in water 
mixtures. The data summarized in the Table 1-2 provide the evidence for the strong research 
efforts carried out in recent years to develop both new and improved technologies for 
phenols abatement from wastewater.  
 
One can see that non-destructive methodologies are able to transfer the organic compounds 
to another phase. However they do not offer a definitive solution because the pollutants 
structure remains unchanged. In contrast, conventional wastewater purification systems 
especially such as activated carbon adsorption, membrane filtration, chemical coagulation, 
etc., also generate wastes during the treatment of contaminated water, which requires 
additional steps and cost. Moreover, the expenses for both activated carbon related to 
replace the spent beds and membrane exchange may be significant. On the other hand, 
biological processes are not recommended if the compounds to be degraded present 
resistance or are toxic for microorganisms as well as if BOD5/COD ratio of wastewater is 
lower than 0.40 (Gil-Pavas et al., 2011). Therefore, the best technology to be applied strongly 
depends on single case, in particular on phenol concentration in the stream, the co-presence 
of other contaminants, the nature of the plant where the problem is found, etc.  
 
In recent years, the heterogeneous photo-catalytic oxidation process employing TiO2, ZnO, 
etc., and UV light has emerged as a promising new route for the degradation of persistent 
organic pollutants, like phenol. The principal advantage of photo-catalysis is the treatment of 
toxic and recalcitrant compounds presented in wastewater. In many cases, the total 
mineralization (degradation) of those pollutants is reached. 
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Table 1-2. Technologies for the treatment of phenol–water mixtures (Busca et al., 2008) 
 Conditions Performances Comments 
Non-destructive techniques 
D
is
ti
ll
at
io
n
 
Temperature: 95-180°C 
Pressure: 1 atm 
Reactor: distillation column 
Complete separation is possible 
Commercial; 
recovery of phenol; 
expensive 
L
iq
u
id
–l
iq
u
id
 
ex
tr
ac
ti
o
n
 Temperature: 20-50°C & 60-180°C 
(regeneration) 
Pressure: 1 atm 
Reactor: washing and distillation columns 
Additional chemicals: DIPE or MIBK 
Wph MIBK/Wph H2O ∼100 at 30°C 
Commercial; 
recovery of phenol; 
expensive 
A
d
so
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C
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n
) Temperature: 20-50°C 
Pressure: 1 atm 
Reactor: fixed bed column 
Additional chemicals: Activated carbon (AC) 
Adsorption capacity: 200–400 
mgph/gAC 
Commercial, 
secondary pollution 
(disposal or burning 
of the spent AC 
adsorbent) 
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 Temperature: 20-50°C & 20-50°C 
(regeneration) 
Pressure: 1 atm 
Reactor: fixed bed column 
Additional chemicals: PV-PDS resin; 
regeneration solution 
Adsorption capacity: 80–100 mgph/gAC 
(resins); adsorption capacity: <200 
mgph/gAC (silicalite) 
Commercial, 
secondary pollution 
(regeneration 
solution); possible 
recovery of phenol 
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 Temperature: 20-50°C 
Pressure: 1 atm 
Reactor: Fixed enzyme bed on support; 
adsorption bed 
Additional chemicals: Enzyme/support; 
Chitosan 
Cph 0.02 g/L; 
tyrosinase 46 U/ml; 
chitosan 50 g/L; 
>phenol removal 
90% 
Secondary pollution 
(spent enzyme, 
support, adsorbent) 
P
er
va
p
o
ra
ti
o
n
 
Temperature: 20-50°C 
Pressure: 1 atm / 1- 20 torr 
Reactor: Membrane module 
Additional chemicals: Membrane 
Vacuum production needed 
PEBA: enrichment 
factor 4–60 
permeate flux 
0–0.3 kgph/(m2 h) 
Commercial, 
recovery of phenol 
12 Synthesis and characterization of modified TiO2 for the photo-treatment of wastewater with visible light 
 
M
em
b
ra
n
e
 
ex
tr
ac
ti
o
n
 
(e
x.
 
M
T
B
E
) 
Temperature: 20-50°C 
Pressure: 1 atm 
Reactor: Membrane module 
Additional chemicals: Membrane solvent 
Solvent regeneration is required 
Cph 0–5 g/L; feed 
flow 1–8 cm3/s; 
depletion degree 
50–100% (MTBE) 
Commercial, 
recovery of phenol 
Destructive techniques 
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(W
A
O
) 
Temperature: 180-315°C 
Pressure: 20-160 atm 
Reactor: Bubble column, stirred reactor, jet-
agitated reactor 
Additional chemicals: Air, an acid 
COD 10–100 g/L, 
 15–120 min, 
COD conv 75–90% 
Commercial, further 
treatment needed 
C
at
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 w
et
 
ai
r 
o
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d
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n
 
C
W
A
O
 
Temperature: 100-200°C 
Pressure: 3-35 atm 
Reactor: Pressurized slurry TR; fixed trickle 
bed 
Additional chemicals: Air/catalyst 
Noble metal or metal oxide cat.; 
COD 10–100 g/L, 
TOC conversion > 80–99%; 
t >20min 
Commercial; Total 
combustion possible 
(?); Catalyst leaching. 
O
zo
n
at
io
n
 
Temperature: 20-50°C 
Pressure: 1 atm 
Reactor: Bubble column, ejector 
Additional chemicals: O3, a base (a catalyst) 
Liquid flow 0.8 m3/h, 
O3-O2 gas flow 0.5Nm3/h, Cph 6 10−5 
g/L; phenol conversion 100% after 
30–80 min, ejector, semi-batch. 
Commercial.  
Catalyst deactivation or 
catalyst 
removal 
C
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yt
ic
 w
et
 
p
er
o
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d
e 
o
xi
d
at
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n
 
(C
W
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O
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F
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 Temperature: 20-50°C 
Pressure: 1 atm 
Reactor: Stirred slurry reactor, fixed bed 
reactor 
Additional chemicals: H2O2, FeSO4, an acid 
Cphs 0.1 g/L; 
C H2O2 10−2 ml/L; 
CFe2+ 2.5 10−4 ml/L, 
5 h, TOC conversion >90%. 
Commercial; 
recovery of the 
catalyst or 
secondary pollution 
(the catalyst) 
P
h
o
to
-c
at
al
ys
is
 
Temperature: Room temperature 
Pressure: 1 atm 
Reactor: Stirred slurry reactor, fixed bed 
reactor 
Additional chemicals: Air or O2 
Catalyst recovery required 
Total mineralization can be reached. 
In developing, recovery of the 
catalyst 
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The following additional advantages of the photo-catalysis can de mentioned: i. Pollutant 
treatment in the original phase (a phase change is not needed), ii. Pollutant complete 
mineralization of pollutant to carbon dioxide and water, iii. Possibility to treat pollutants 
present at low concentration in wastewater streams, iv. Very low concentration of reaction 
byproducts, if any v. Lower energy consumption compared with other methods such as 
incineration (Gutiérrez Hernández, 2007). On the other hand, the following drawbacks of the 
photo-catalytic process can be mentioned: i. Low quantum efficiency due to inefficient visible 
light harvesting, ii. The necessity of photo-reactor design, iii. Recovery and reuse of titanium 
dioxide (especially if applied in suspension), iv. Generation of toxic intermediates vs. possible 
catalyst deactivation (Ahmed et al., 2010). 
1.4 Photo-catalysis 
Photo-catalysis denotes a photo-activated reaction accelerated by the presence of a catalyst 
which absorbs light (Mills et al., 1997). It is a promising method for the removal of organic 
pollutants, harmful chemicals and dyestuff from water and air. The destruction of recalcitrant 
organics is governed by the combined actions of a semiconductor photo-catalyst, an 
energetic radiation source and an oxidizing agent (Ahmed et al., 2010). The efficiency of the 
photo-catalytic processes depend on the in-situ generation of hydroxyl radicals under 
ambient conditions which are able to convert a wide spectrum of toxic organic compounds 
including the non-biodegradable ones into relatively innocuous end products such as CO2 and 
H2O (Ahmed et al., 2010).  
 
Heterogeneous photo-catalysis, using semiconductor materials, presents a growing interest 
for the solution of global contamination problems and has been probed efficiently with a 
large number of pollutants. An ideal photo-catalyst should combine: high efficiency in solar 
energy conversion, high activity, biological and chemical non-toxicity, stability, availability 
and low cost. TiO2 is the most widely used photo-catalyst since it presents most of these 
properties. The number of publication related to titania and its application as photo-catalyst 
and in phenol photo-degradation has increase over the last few years (Figure 1-2).   
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Figure 1-2. Number of papers related to TiO2, TiO2 photo-catalysts and TiO2 phenol in the last few years, 
according to ISI Web of Knowledge 
1.4.1 Principle of photo-catalysis  
In the semiconductors materials, the valence band (VB) and conduction band (CB) are 
separated by an energy gap or band-gap (Ebg). The initial stage of the photo-catalytic process 
is the absorption of a photon with sufficient energy (E≥ Ebg). It leads to the formation of a 
positive hole (h+) in the valence band and an electron (e-) in the conduction band. The 
positive hole oxidizes pollutant to produce •OH radicals, whereas the electron in the 
conduction band reduces the oxygen adsorbed on the catalyst (Akpan & Hameed, 2009). Only 
photons with energies higher than the band gap energy can result in the excitation of 
electrons in the valence band which then promotes the possible reactions.  The absorption of 
photons with energy lower than Ebg or longer wavelengths usually causes energy dissipation 
in the form of heat (Ahmed et al., 2010). The reaction mechanism depends on the ability of 
the compound to be absorbed over the catalyst surface (Akpan & Hameed, 2009). Figure 1-3 
presents the diagram of the process.  
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Figure 1-3. Initial stage of the photo-catalytic process (Ahmed et al., 2010) 
 
In the case of TiO2, the activation step can be represented by equations 1.1 and 1.2. The goal 
of the process is the reaction between the promoted electrons with an oxidant to produce a 
reduced product, and also a reaction between the generated holes with a reductant to 
produce an oxidized product. The photo-generated electrons can reduce the pollutant or can 
react with electron acceptors such as O2 adsorbed on the Ti(III)-surface or dissolved in water, 
reducing it to superoxide radical anion O2•-. The photo-generated holes can oxidize the 
organic molecule to form R+, or react with OH− or H2O oxidizing them into •OH radicals 
(Akpan & Hameed, 2009). The oxidative and reductive reactions are represented by 
equations 1.3 to 1.5. When the reduction process of oxygen and the oxidation of pollutants do 
not advance simultaneously, an electron accumulation in the CB takes place, causing an 
increase in the rate of recombination of e− and h+. To improve the photo-catalytic reaction, 
electron-hole pair recombination must be avoided (Ahmed et al., 2010).   
 
 (1.1) 
 (1.2) 
 (1.3) 
 (1.4) 
 (1.5) 
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1.4.2 Semiconductor materials  
Different semiconductors have been employed in photo-catalysis. The activity of a photo-
catalyst strongly depends on its ability to create electron-hole pairs, which generates free 
radicals that undergoes further reactions to rich the effluent degradation. Table 1-3 present 
the band-gap of the most important semiconductor materials. TiO2 and ZnO have been widely 
studied for photo-degradation of pollutants (Rehman et al., 2009).   
 
Table 1-3. Semiconductor materials (Gupta & Tripathi, 2011) 
Semiconductor 
Valence 
Band 
Conduction 
Band 
Band gap 
(eV) 
Band gap 
wavelength 
(nm) 
Cadmium sulfide CdS +2.1 -0.4 2.5 497 
Cadmium Selenide CdSe +1.6 -0.1 1.7 730 
Gallium phosphide GaP +1.3 -1.0 2.3 540 
Titanium dioxide 
(rutile) 
TiO2 +3.1 -0.1 3.0 414 
Titanium dioxide 
(anatase) 
TiO2 +3.4 +0.2 3.2 390 
Zinc oxide ZnO +3.0 -0.2 3.2 390 
Zinc sulfide ZnS +1.4 -2.3 3.7 336 
 
Comparing with the other semiconductor materials, titanium dioxide (TiO2) is the most 
promising one, used in research and practical applications (Friedmann et al., 2010). TiO2 has 
been extensively investigated as semiconductor catalyst for photo-catalytically applications, 
including organic compounds decomposition and hydrogen production using solar energy 
(Gupta & Tripathi, 2011). Different commercial titania has been tested for the photo-catalytic 
degradation of phenols. Table 1-4 presents some of their characteristics. The following order 
of the different commercial materials for the degradation of phenols has been reported: TR-
HP-2 < M-PC500 < TA-K-1 < H-UV100 < A-TiO2 < D-P25 (Silva et al., 2007). The observed 
differences in the photo-catalytic activity of different commercial TiO2 were mostly related to 
surface and structural properties of the semiconductor such as crystal composition, band 
gap, the variations in the BET surface, amount of impurities, existence of structural defects in 
the crystalline framework and/or density of hydroxyl groups on the catalyst surface. 
Agglomerates size is known to be one of primary importance in heterogeneous catalysis, 
because it is directly related to the efficiency of a catalyst through the definition of its specific 
surface area (Ahmed et al., 2010).  
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Table 1-4. Some characteristics of different commercial TiO2 (Silva et al., 2007) 
Name Supplier 
Representative Properties 
SBET 
(m2/g) 
dp 
(nm) 
TiO2 
crystalline 
form 
D-P25 Aeroxide P-25 Degussa AG 47.3 20.13 
80% Anatase/ 
20% Rutile 
H-UV 100 
Hombikat UV 
100 
Sachtleden Chemie 
GmbH 
249.1 5.83 Anatase 
M-PC500 MilleniumPC500 
Millenium 
Inorganic 
Chemicals 
9.6 25.91 Anatase 
A-TiO2 
Titanium(IV) 
oxide 
Aldrich 11.1 19.01 Anatase 
TA-K-1 Tronox A-K-1 
Kerr-McGee 
Chemicals LLC 
80.9 19.93 Anatase 
TR-HP-2 Tronox R-HP-2 
Kerr-McGee 
Chemicals LLC 
7 19.30 Rutile 
 
Other commercial materials have been compared with titania Degussa P-25. According to 
Lachheb et al. (2008) P-25 was more efficient for the degradation of phenols and poly 
nitrophenols (4-NP, 2,4-DNP and 2,4,6-TNP) in the presence of either artificial or solar light 
than PC 500. Moreover, the degradation followed first order kinetics. Hadaj Salah et al. 
(2004) compared the efficiency of three commercial catalysts: Degussa P25 (20 nm), TiO2-A1 
(160 nm) and TiO2-A2 (330 nm) available in anatase form, and ZnO in the degradation of 
phenol. After 5 h of reaction, the order of the efficiency was shown to follow: ZnO > P25 > 
TiO2-A1 > TiO2-A2. The observed variation in the efficiency is related to the structure, 
diameter of particles and electrical properties of the photo-catalyst.  
 
The photo-catalytic activity of Degussa P25 was reported to be higher than other commercial 
titania due to slow recombination between electrons and holes. These factors can influence 
the adsorption behavior of a pollutant and/or formation of degradation intermediates, the 
life time and recombination rate of electron–hole pairs (Silva et al., 2007; Ahmed et al., 2010). 
The higher photo-activity of P25 has also been attributed to its crystalline composition of 
rutile and anatase. The smaller band gap of rutile absorbs the photons and generates 
electron–hole pairs. Then, the electron transfer takes place from the rutile CB to electron 
traps in anatase phase. Recombination is thus inhibited, allowing the hole to move to the 
surface of the particle and react (Bahnemann et al., 2007; Ahmed et al., 2011b). Moreover, its 
desirable physical and chemical properties, low cost and availability can be mention as 
additional advantages. 
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1.4.3 Titania  
TiO2 belongs to the family of transition metal oxides. It exists mainly in four cryptographic 
forms: anatase, rutile, brookite and titanium dioxide (B). Crystalline structure of anatase 
corresponds to a tetragonal system (with dipyramidal habit). Rutile presents also tetragonal 
crystal structure (with prismatic habit). Brookite has an orthorhombic crystalline structure. 
TiO2 (B) is a monoclinic mineral and is a relative newcomer to the titania family  (Akpan & 
Hameed, 2009). Besides these polymorphs, two additional high-pressure forms have been 
synthesized from the rutile phase. These are TiO2 (II) with a PbO2 structure and TiO2 (H) 
with a hollandite structure (Gupta & Tripathi, 2011).   
 
Anatase, rutile and brookite crystalline structures are present in Figure 1-4, some of their 
properties are summarized in Table 1-5.  
 
 
Figure 1-4. Crystalline forms of titanium dioxide: anatase (a), rutile (b) and brookite (c) (Carp et al., 2004) 
 
Table 1-5. Properties of different TiO2 forms (Hanaor & Sorrell, 2011) 
 Anatase Rutile Brookite 
Crystalline system tetragonal tetragonal Orthorhombic 
Band- gap 3.2 3.02 2.96 
Density 3.90 4.27 4.13 
Mohs hardness 5.5-6.0 7.0-7.5 5.5-6.0 
Dielectric constant 48 114 78 
Lattice constant (Å)  
 
 
 
 
 
 
Ti–O bond length (Å) 
1.937(4) 
1.965(2) 
1.949 (4) 
1.980 (2) 
1.87–2.04 
O–Ti–O bond angle 
77.7° 
92.6° 
81.2° 
90.0° 
77.0°–105° 
 
Anatase contains 6 atoms per primitive cell. The anatase phase is more stable than the rutile 
at 0 K, but the energy difference between these two phases is small (∼2 to 10 kJ/mol). Rutile 
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also contains 6 atoms per unit cell. Rutile phase is stable at most temperatures and pressures 
up to 60 kbar, where TiO2 (II) becomes the thermodynamically favorable phase. The unit cell 
of brookite is composed of 8 formula units of TiO2 and is formed by edge-sharing. It has a 
larger cell volume and is also the least dense than the other 3 forms. Brookite is not often 
used for experimental investigations (Gupta & Tripathi, 2011). 
 
Anatase and brookite structures are transformed to the rutile phase after reaching a certain 
particle size, with the rutile phase becoming more stable than anatase for particle sizes 
greater than 14 nm. The activity of the rutile phase as a photo-catalyst is generally very poor 
(Gupta & Tripathi, 2011). Anatase type titania, presents higher photo-catalytic activity and 
has been studied more than the other ones (Akpan & Hameed, 2009). Anatase is preferred for 
this kind of applications due to the higher mobility of electrons, low dielectric constant, and 
lower density (Carp et al., 2004).  
 
The principal problem of titania is its high band gap. In this way, TiO2 only uses a low fraction 
of solar spectra: UV light. However, sunlight consists of about 46% visible light, 47% infrared 
radiation and only 5-7% ultraviolet light (Rehman et al., 2009). Modification of TiO2 with the 
aim of taking advantage of a major fraction of solar spectrum is attractive. According to 
Ohtani et al. (1997), to obtain highly photo-active TiO2, it is necessary to give simultaneously 
a couple of properties, generally contradictory ones, to the powders: large surface area to 
adsorb substrates and high crystallinity (or lesser surface and bulk defects) to diminish the e-
-h+ pair recombination. The development of photo-catalysts exhibiting high reactivity under 
visible light (λ > 400 nm) should allow the main part of the solar spectrum, even under poor 
illumination of interior lighting, to be used (Zaleska, 2008). Strategies to solve TiO2 problems 
are reviewed in the next section.  
1.4.4 Titania: Improving the photo-catalytic efficiency  
As stated before, TiO2 is considered close to an ideal semiconductor for photo-catalysis but 
possesses certain limitations such as poor absorption of visible radiation and rapid 
recombination of photo-generated electron/hole pairs (Gupta & Tripathi, 2011). Several 
strategies can be used to improve TiO2 catalytic efficiency. Two general methods can be 
distinguished: Surface and band-gap modification. 
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a. Surface modification 
Surface modifications can be obtained by dye sensitization, surface-complex assisted 
sensitization and surface modification with polymers (Rehman et al., 2009).  
 
Dye sensitization facilitates electron transfer between the dye molecules and the host 
semiconductor (Rehman et al., 2009). A chemisorbed or physisorbed dye is employed. In this 
way, the efficiency of the excitation process can be increased and the wavelength range of 
excitation for the catalyst can be expanded. When sensitized by dyes, TiO2 catalysts can make 
full use of visible light to realize photo-catalytic reactions. However, dyes themselves can 
undergo photo-degradation or form intermediates that need to be disposed (Gupta & 
Tripathi, 2011). Various dyes such as 8-hydroxyquinone (HOQ), methylene blue (MB), acid 
red 44, reactive red dye 198 (RR 198), eosin-Y, rhodamine B and rhodamine 6G have been 
used with this purpose. A problem for dye sensitization is desorption of the dye molecules, 
decreasing the catalyst activity in visible light (Rehman et al., 2009).  
 
Surface-complex assisted sensitization is another surface modification technique. In this 
method a surface complex is formed between organic compounds and the host photo-catalyst 
via strong chemical bonds. Such surface complex is sensitive to visible light and injects 
electrons into the CB of the host semiconductor. However, the surface complex can undergo 
self-degradation and can decrease the visible light activity of the photo-catalyst (Rehman et 
al., 2009).  
 
Surface modification with polymers such as PTF (poly(fluorine-co-thiophene)) results in 
materials characterized with light absorption up to 500 nm wavelength. In this case, the 
sensitization is more stable due to the low solubility of PTF in water. TiO2 has been coupled 
with semiconductors such as: Bi2S3, CdS, CdSe and V2O5, which are able to absorb visible light. 
The sensitizer semiconductor absorbs visible light and injects electrons into the CB of titania 
which remains inactive with visible light (Rehman et al., 2009). 
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b. Band-gap modification  
Band gap modification of TiO2 can be achieved by: oxygen vacancies and doping or co-doping 
with metals and no metals.  
 
Artificially created oxygen vacancies in titania crystal structure have been obtained using a 
plasma treatment through radio-frequency discharge. The vacancies can generate discrete 
states near 0.75 eV y 1.18 eV below the conduction band and are considered as active 
electron traps (Rehman et al., 2009).  
 
TiO2 has also been doped with certain transition metals, non-metals and ionic components in 
order to enhance the photo-catalysis as well as the response into the visible spectrum of 
solar light (Rehman et al., 2009). Doped ions can also act as charge trapping sites and thus 
reduce electron–hole recombination (Ahmed et al., 2010). Doping with no metals such as 
nitrogen, halogens, sulfur, boron and carbon is commonly used for the band gap modification. 
For halogen doping, fluorine has been used and its visible light absorption was attributed to a 
possible modification of density of states near the CB edge of rutile TiO2. Sulfur can be doped 
as an anion by substituting O sites also as a cation by replacing Ti4+ ions in bulk. Sulfur doping 
can reduce the band gap of titania. Boron shifts the band edge of titania to higher 
wavelengths and enhances its visible light absorption even to 800 nm. Boron substitutes the 
O sites in titania lattice. Carbon has been incorporated in titania lattice both as an anion and 
as a cation reducing the band gap value. Co-doping with no metals has been also tested 
reaching higher hydrophilicity (Rehman et al., 2009).  
 
Transition metal doping is commonly used with the purpose of extending light absorption to 
the visible region. This also can be achieved by increasing the percentage of rutile or by a 
nanoparticle size increase. The difference is that shifting from anatase to rutile or from 
smaller to larger nanocrystallites decreases energy band gap, while doping, creates energy 
states within the band gap. Therefore, in the second case the red shift (moving to longer 
wavelengths) of absorption is more drastic (Bouras et al., 2007). The visible light photo-
activity of metal-doped TiO2 can be explained by a new energy level produced in the band 
gap of TiO2 by the dispersion of metal nanoparticles in the TiO2 matrix (Zaleska, 2008). 
Techniques such as sol-gel and impregnation have been employed. Doping generates 
impurity states within titania band gap. If the impurity states lie close to the band edges they 
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can overlap with band states and can narrow the band gap. However, if they are present deep 
in the band gap they may act as recombination centers for the photo-generated carriers. The 
density of impurity states increase with an increase in the doping level. Nevertheless, this can 
also accelerate recombination process. Photo-catalytic activity is determined by the 
competition between the charge carrier promotion rate to the surface and the recombination 
rate (Rehman et al., 2009).  
 
Doping with transition metals, results especially interesting due to their similitude with 
titania properties such as atomic radius and electronegativity. According to literature, 
different transition metals have been employed as dopants for TiO2 in wastewaters and air 
treatment applications; a summary of some studies is presented in Table 1-6. Transition 
metal doping can represent an increase of the efficiency for the photo-catalytic system (Carp 
et al., 2004). However, controversial results depending on the catalyst preparation method, 
metal loading, precursor, kind of pollutant to be degraded, etc. have been reported. As 
example, the ion implantation of Cr and V has been reported as able to shift the absorption 
edge to the visible region, thereby increasing the photo-reactivity of TiO2. In contrast, Cr 
doping by a chemical method decreased the photo-reactivity under both visible and UV 
illumination (Bellardita et al., 2007).  
  
Doping with iron (Fe3+), molybdenum (Mo5+), ruthenium (Ru3+), osmium (Os3+), rhenium 
(Re5+), vanadium (V4+) and rhodium (Rh3+) have been reported as able to improve the photo-
activity of TiO2 for the CH3Cl oxidation and CCl4 reduction, while doping with cobalt (Co3+) 
and aluminium (Al3+) decrease the photo-activity (DiPaola et al., 2002b, 2002a). On the other 
hand, for the degradation of 4-nitrophenol, methanoic, ethanoic and benzoic acids, the 
doping with iron, molybdenum and vanadium decrease the TiO2 photo-activity, while for 
methanoic acid cobalt has a beneficial effect (DiPaola et al., 2002a).  Choi et al. (1994) made a 
systematic study of the effect of 21 different metal ion dopants on nanocrystalline TiO2. They 
showed that doping of quantum sized TiO2 particles with Fe3+,Mo5+,Ru3+,Os3+,Re3+,V3+and Rh3+ 
at the 0.5at.% level increased the photo-activity both for the oxidation of CHCl3 and for the 
reduction of CCl4, while the photo-reactivity decreased in the presence of Co3+ and Al3+. The 
enhancement was attributed to the increase of lifetime of the photo-generated electrons 
(Bellardita et al., 2007).  
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Table 1-6. Transition metals employed as dopants 
Metal Pollutant to be degraded Conclusion Reference 
V 
Chlorpyrifos - 0.02%-0.1% V5+/TiO2 Lower activity than TiO2 in UV and solar light (Gomathi Devi et al., 2009b) 
Congo Red - 0.02%-0.1% V5+/TiO2 Higher activity than titania in solar light (Gomathi Devi et al., 2010) 
Mn Acid Blue 92 - 19.97% Mn/TiO2 Higher activity than titania in UV light (Ghasemi et al., 2009) 
Co Acid Blue 92 - 21.75% Co/TiO2 Higher activity than titania in UV light (Ghasemi et al., 2009) 
Cu 
Methyl tert-butyl ether (MTBE) Cu-TiO2 more efficient than that TiO2 (Araña et al., 2008) 
Acid Blue 92 - 22.23% Cu/TiO2 Higher activity than titania in UV light (Ghasemi et al., 2009) 
Mo 
Methyl Orange, p-amino azo benzene, 
Congo Red, Brilliant Yellow, Rhodamine-B 
and Methylene Blue 
Higher activity in solar light for 0.06% Mo6+/TiO2 (Gomathi Devi et al., 2009a) 
Chlorpyrifos - 0.02%-0.1% Mo6+/TiO2 Higher activity in solar light for 0.06% Mo6+/TiO2 (Gomathi Devi et al., 2009b) 
Au Methylene blue – 0.24%-3% Au/TiO2 Comparable activity to the pure TiO2  (Haugen et al., 2011) 
Cr 
Acid Blue 92 - 12.54% Cr/TiO2 Higher activity than titania in UV light (Ghasemi et al., 2009) 
NH3/NH4+ Lower conversion than TiO2 (Sawah et al., 2010) 
Fe 
NH3/NH4+ Higher conversion than TiO2 (Sawah et al., 2010) 
4-nitrophenol Higher photo-activity than titania (Yalçi et al., 2010) 
Ni 
Acid Blue 92 - 21.09% Ni/TiO2 Higher activity than titania in UV light (Ghasemi et al., 2009) 
NH3/NH4+ Higher conversion than TiO2 (Sawah et al., 2010) 
Zn 
Congo Red - 0.02%-0.1% Zn2+/TiO2 Higher activity than titania in solar light (Gomathi Devi et al., 2010) 
NH3/NH4+ Higher conversion than TiO2 (Sawah et al., 2010) 
Ag Toluene 
Compared with TiO2, Ag-TiO2 exhibited a better photo-
stability 
(Li et al., 2010) 
W 
Methanoic acid, ethanoic acid, benzoic 
acid and 4-nitrophenol 
Higher activity than TiO2 for benzoic acid and 4-
nitrophenol 
(DiPaola et al., 2002a) 
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Smith et al. (1997) found that in 3 at.% Ru3+ doped TiO2 the electronic decay was as faster as 
or even faster than undoped TiO2. This different behavior is probably due to the different 
percentages of dopant (Bellardita et al., 2007). Therefore, the use of transition metals as 
dopants can have positive or negative effects depending on preparation of catalysts, operation 
conditions and the pollutant to be degraded. A determined metal can improve the photo-
degradation of one pollutant, while for another it can decrease it. In the next section, the 
influence of operation condition over the photo-activity of TiO2 is presented. 
1.5 Influence of parameters on the photo-catalytic 
degradation  of phenols  
The photo-catalytic system is highly dependent on a number of operation parameters that 
govern the kinetics of photo-mineralization and photo-disinfection such as: light intensity, 
initial concentration of the component to be degraded, catalyst loading, dopant content, pH of 
the medium, oxidizing agent and calcination temperature. The effect of those parameters is 
discussed in this section. 
1.5.1 Light intensity and wavelength  
The light intensity determines the extent of light absorption by the semiconductor catalyst at 
a given wavelength. The rate of initiation for photo-catalysis electron–hole formation in the 
photo-chemical reaction is strongly dependent on the light intensity (Ahmed et al., 2010). For 
organic pollutants, while in some cases the rate of reaction exhibited a square root 
dependency on the light intensity (radiant flux higher than 25 mW/cm2), a linear relationship 
(radiant flux lower than 25 mW/cm2) between light intensity and the rate of initiation of 
electron-hole formation was observed (Ahmed et al., 2010). In the case of phenol degradation, 
an acceptably good linear correlation exists between the apparent first-order-rate constant 
and UV light intensity (20–400 W). At higher light intensities, the catalyst absorbs more 
photons producing more electron–hole pairs on its surface, increasing the hydroxyl radical 
concentration and consequently the degradation rate (Ahmed et al., 2011b).  
 
For UV irradiation, the corresponding electromagnetic spectrum can be classified as UV-A, UV-
B and UV-C, according to the emitting wavelength. The UV-A range presents its light 
wavelength spans from 315 to 400 nm (3.10-3.94 eV), while UV-B at wavelength range of 280-
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315 nm (3.94-4.43 eV) and the germicidal UV-C ranges from 100 to 280 nm (4.43-12.4 eV). 
The UV-A light provides light photons sufficient for photonic activation of the catalyst (Chong 
et al., 2010). Using commercial Degussa P25 TiO2, which has a crystalline ratio of anatase 
70/80:20/30, a light wavelength at λ<380 nm is known as sufficient for photonic activation 
(Chong et al., 2010). 
1.5.2 Initial concentration of pollutant 
A variation in the initial concentration of the water contaminants will result in different 
irradiation time necessary to achieve complete mineralization or disinfection (Chong et al., 
2010). As the concentration of target pollutant increases, more and more molecules of the 
compound can be adsorbed on the surface of the photo-catalyst. Therefore, the requirement of 
reactive species (·OH and ·O2−) needed for the degradation of pollutant also increases. 
However, for a given light intensity, catalyst amount and irradiation time, the formation of ·OH 
and O2·− on the catalyst surface remains constant. Hence, the available OH radicals are 
inadequate for the pollutant degradation at higher concentrations. Consequently the 
degradation rate of pollutant decreases as the concentration increases (Ahmed et al., 2010). 
Owing to the photonic nature of the photo-catalytic reaction, excessively high concentration of 
organic substrates is known to simultaneously saturate the TiO2 surface and to reduce the 
photonic efficiency leading to photo-catalyst deactivation (Chong et al., 2010). In addition, an 
increase in substrate concentration can lead to the generation of intermediates which may 
adsorb on the surface of the catalyst. Slow diffusion of the generated intermediates from the 
catalyst surface can result in the deactivation of active sites of the photo-catalyst, and 
consequently result in a reduction in the degradation rate. In contrast, at low concentration 
the number of catalytic sites will not be a limiting factor, and the rate of degradation is 
proportional to the substrate concentration in accordance with apparent first-order kinetics 
(Ahmed et al., 2010). 
1.5.3 Catalyst loading  
Concentration of catalyst affects the overall reaction rate; exists an optimum loading able to 
maximize it. Several studies have indicated that the photo-catalytic rate initially increases 
with catalyst loading and then decreases at high values because of light scattering and 
screening effects (Ahmed et al., 2010). A linear dependency holds until certain loading when 
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the reaction rate starts to aggravate and becomes independent of TiO2 concentration. This is 
attributed to the geometry and working conditions of the photo-reactor where the surface 
reaction is initiated upon light photon absorption (Chong et al., 2010). If the catalyst amount 
increases, the amount of active sites increases. However, if catalyst loading is higher than the 
optimum value the light cannot pass through the suspension and the degradation rate is 
reduced (Akpan & Hameed, 2009). When the amount of TiO2 increases above a saturation 
level (leading to a high turbidity state), the light photon absorption coefficient usually 
decreases radially (Chong et al., 2010). Photo-reactors should be operated below the 
saturation level of TiO2 photo-catalyst to ensure efficient photons absorption (Chong et al., 
2010). 
1.5.4 Dopant content 
As stated previously, transition metals TiO2-doping can be beneficial or detrimental to the 
photo-catalytic degradation processes. An optimal dopant content strongly depends on the 
catalyst type and the studied reaction. A further increase in dopant content above the 
optimum value, presents negative effect on the activity of photo-catalyst (Akpan & Hameed, 
2009). It can be related to the fact that the increasing dopant content narrows the space-
charge region and separates efficiently the electron-hole pairs by a large electric field. 
However, when the concentration of dopant is high, the space-charge region becomes very 
narrow and there is no driving force to separate the electron-hole pair (Carp et al., 2004). 
1.5.5 Medium pH  
The pH is one of the most important operating parameters in heterogeneous photo-catalysis. 
Changes in pH affect the adsorption of the pollutant molecules, the charge on the catalyst 
particles and size of catalyst agglomerates. According to Akpan & Hameed (2009), the 
efficiency of the photo-catalytic processes in higher in alkaline solutions, if TiO2 is used as 
photo-catalyst. Under acid conditions, titania tends to agglomerate, consequently the area 
available for adsorption of the pollutant and the photon is reduced. However, in some cases, 
degradation is more efficient under acidic conditions (Akpan & Hameed, 2009). At a pH below 
the pKa value, an organic compound exists as a neutral species. Above pKa value, an organic 
compound attains a negative charge. Some compounds can exist in positive, neutral, as well as 
negative forms in aqueous solution. This variation can also significantly influence their photo-
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catalytic degradation behavior (Ahmed et al., 2010). Electrostatic interaction between 
semiconductor surface, solvent molecules, substrate and charged radicals formed during 
photo-catalytic oxidation is strongly dependent on the pH of the solution. In addition, 
protonation and deprotonation of the organic pollutants can take place depending on the pH 
of solution. Sometimes protonated products are more stable under UV-radiation than their 
main structures (Ahmed et al., 2010).  
 
Any variation in the operating pH is known to affect the isoelectric point or the surface charge 
of the used photo-catalyst (Chong et al., 2010). The PZC corresponds to the condition at which 
the surface charge of TiO2 is zero or neutral. The ZPC typically lies in the pH range of 4.5-7.0 
depending on the used catalysts. At PZC, the interaction between the photo-catalyst particles 
and water contaminants is minimal due to the absence of any electrostatic force. When 
operating pH < PZC, the catalyst surface becomes positively charged and gradually exerted an 
electrostatic attraction force towards the negatively charged compounds (Chong et al., 2010). 
Such polar attractions between TiO2 and anionic organic compounds can intensify the 
adsorption onto the photon activated TiO2 surface for subsequent photo-catalytic reactions. 
This is particularly significant when the anionic organic compounds present in a low 
concentration level. At pH > PZC, the catalyst surface will be negatively charged and repulse 
the anionic compounds in water (Chong et al., 2010).  
1.5.6 Other parameters 
The following possible other parameters that can influence the photo-degradation process 
can be considered: oxidizing agents and calcination temperature. Oxidizing agents like 
hydrogen peroxide (H2O2), ammonium persulfate ((NH4)2S2O8) or potassium bromate (KBrO3) 
have been reported as beneficial for the photo-catalytic process. Their optimum quantity is 
required, according to the oxidant and pollutant characteristics. Additionally, oxygen flux may 
be regulated for better results (Akpan & Hameed, 2009). In the case of calcination 
temperature, according to the preparation method, a significant influence can be observed. 
There exists an optimum value varying with the employed dopant. For calcination 
temperatures higher than the optimum value, a promotion of the anatase-to-rutile phase 
transformation is observed. Rutile has a lower photo-activity, therefore, the degradation rate 
is reduced (Akpan & Hameed, 2009).  
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1.6 Photo-degradation of phenols and their 
derivatives  
Introducing phenolic compounds into the environment or degradation of these substances 
means the appearance of phenol and its derivatives in the environment. Phenols are 
considered as primary pollutants since they are harmful to organisms at low concentrations 
(Grabowska et al., 2012).  Chlorophenols are water pollutants of moderately toxicity and are 
suspected of carcinogenic properties. They originate from the natural degradation of 
chlorinated herbicides, the chlorination of phenolic substances and disinfection of water. 
Nitrophenols are water pollutants of high toxicity which can be released into the water 
environment due to the synthesis and use of organo-phosphorous pesticides, azo dyes, and 
some medical goods (Ahmed et al., 2010). The degradation of phenols and their derivatives 
employing photo-catalysis has been tested using different doped materials and light sources. 
As presented in the previous sections, many parameters affect the photo-degradation process; 
some examples in phenols photo-catalysis are given below. Table 1-7 presents the influence of 
pollutant concentration over the photo-catalytic degradation of phenol and m-nitrophenol in 
UV light. An optimum value has been obtained. For phenol and m-nitrophenol degradation 
varying the initial concentration between 0.13 and 0.71 mM and employing TiO2, the optimum 
reported value was 0.13 mM. In the case of phenol degradation by Pr/TiO2 and varying the 
initial concentration between 0.11 and 1.7, the optimum value was 0.11 mM. This effect can be 
associated with the saturation of the TiO2 surface and reduction of the photonic efficiency 
leading to photo-catalyst deactivation. 
 
Table 1-7. Influence of pollutant concentration on the photo-degradation of phenols 
Pollutant 
Light 
source 
Photo- 
catalyst 
Initial 
concentration  
Range 
(mM) 
Optimum  
Initial 
concentration 
(mM) 
Reference 
Phenol UV TiO2 0.13-0.71 0.13 
(Ahmed et al., 
2011b) 
m-Nitrophenol UV TiO2 0.13-0.71 0.13 
Phenol UV Pr/TiO2 0.11-1.7 0.11 
 
Table 1-8 shows the effect of catalysts loading in the photo-degradation of phenol, 4-
chlorophenol and 2-chlorophenol. The optimum catalyst loading vary with the pollutant and 
the used catalyst. For 4-chlorophenol degradation in UV light using a titania loading in the 
range of from 1 to 5 g/L, the optimum value was found to be 2 g/L of catalyst. In the case of 2-
chlorophenol photo-catalyst under UV light, employing Co/TiO2 in a loading varying between 
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0.005 and 0.03 g/L, the optimum value was found to be 0.01 g/L. For phenol degradation by 
TiO2 in a range between 0 and 4 g/L, the optimum value was 2 g/L while using Pr/TiO2 
between 0-1.2 g/L the optimum was 1 g/L. The presence of an optimum value is due to light 
scattering and screening effects. 
 
Table 1-8. Influence of catalyst loading on the photo-degradation of phenols 
Pollutant 
Light 
source 
Photo- 
catalyst 
Catalyst 
loading  
Range 
(g/L) 
Optimum  
Catalyst 
loading 
(g/L) 
Reference 
4-Chlorophenol UV TiO2 1.0-5.0 2.0 
(Ahmed et al., 2010) 2-Chlorophenol UV Co/TiO2 0.005-0.03 0.01 
Phenol UV Pr/TiO2 0.0-1.2 1.0 
Phenol UV TiO2 0-4.0 2.0 (Ahmed et al., 2011b) 
Table 1-9 summarizes some studies about the effect of doping with metals and non-metals. It 
is observed than the optimum doping charge can vary with the impregnated metal, the 
pollutant to be degraded and the light source. Degradation of 4-nitrophenol in UV light 
employing cobalt, chromium, copper, iron and vanadium presented an optimum content of 
0.3% metal. The use of molybdenum or tungsten remains in an optimum value of 1% metal. In 
the case of 4-Chlorophenol degradation in visible light, employing Ce/TiO2 and N/TiO2, the 
optimum values were 0.6% and 0.45% respectively, and in UV light with Zr/TiO2 the optimum 
value was 3%. The 2-Chlorophenol degradation by Co/TiO2 in UV light gives an optimum 
cobalt content of 0.036%. The 2,4-dichlorophenol photo-catalysis in visible light using 
vanadium doped titania presents an optimum value of 1%. The degradation of phenol in 
visible light using iron doped titania has an optimum content of 1% Fe, when UV light is used 
the optimum value is 0.5% Fe. Phenol degradation in UV light using La/TiO2 and Pr/TiO2 has 
an optimum value of 1% and 0.072% respectively. The optimum value can be as low as 
0.036% or as high as 5%. Dopant content higher than optimum value may act as 
recombination centers for the photo-generated carriers. 
 
Table 1-10 shows the effect of pH over some the photo-catalytic reactions. The degradation of 
4-Chorophenol in UV light employing titania has an optimum pH of 5, in the case of nitrogen 
doped titania, the optimum value is lower: 3. For 2-Chlorophenol degradation using Co/TiO2 
the optimum value was found to be 9 and for m-nitrophenol degradation by titania was 
reported as 8.9. In the case of phenol degradation in UV light employing TiO2 (Merck) the 
optimum pH has been reported as 5 and using TiO2 Degussa P25 the optimum value was 7.4. 
Table 1-9. Influence of doping concentration on the photo-degradation of phenols 
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Pollutant 
Light 
source 
Photo- 
catalyst 
Doping 
(%) 
Optimum  
Doping 
(%) 
Reference 
Phenol Visible Fe3+/TiO2 0.4-5.1 1.0 
(Ahmed et al., 2010) 
4-Chlorophenol Visible Ce/TiO2 0-1.0 0.6 
2,4-Dichlorophenol Visible V/TiO2 0.25-5.0 1.0 
p-chlorophenol UV Ag/TiO2 0.1-0.5 0.5 
p-chlorophenol UV Pd/TiO2 0.1-0.5 0.5 
Phenol UV Fe3+/TiO2 0-3.0 0.5 
4-Chlorophenol UV Zr4+/TiO2 0.5-5.0 3.0 
2-Chlorophenol UV Co/TiO2 0.004-0.14 0.036 
Phenol UV La/TiO2 1.0-5.0 1.0 
Phenol UV Pr/TiO2 0-0.22 0.072 
2,4,6-Trichlorophenol UV-A Ag/TiO2 0-2.0 0.5 
4-nitrophenol UV Co/TiO2 0.3-5 0.3 
(DiPaola et al., 
2002b) 
4-nitrophenol UV Cr/TiO2 0.3-5 0.3 
4-nitrophenol UV Cu/TiO2 0.3-5 0.3 
4-nitrophenol UV Fe/TiO2 0.3-5 0.3 
4-nitrophenol UV Mo//TiO2 0.3-5 1.0 
4-nitrophenol UV V/TiO2 0.3-5 0.3 
4-nitrophenol UV W/TiO2 0.3-5 1.0 
4-Chlorophenol Visible N/TiO2 0.21-0.45 0.45 (Ahmed et al., 2011a) 
 
Table 1-10. Influence of pH on the photo-degradation of phenols 
Pollutant 
Light 
source 
Photo- 
catalyst 
pH 
range 
Optimum 
pH 
Reference 
4-Chlorophenol UV TiO2 4.0-9.0 5.0 
(Ahmed et al., 2010) 
2-Chlorophenol UV Co/TiO2 4.0-12.0 9.0 
Phenol UV TiO2 3.0-8.0 5.0 (Akbal & Onar, 2003) 
m-Nitrophenol UV TiO2 4.1-12.7 8.9 
(Ahmed et al., 2010) 
4-Chlorophenol UV N/TiO2 2.0-5.0 3.0 
 
1.7 Conclusions 
The presented state of art shows that heterogeneous photo-catalysis using TiO2 is a promising 
strategy for the wastewaters treatment. Titania doping with transition metals is an interesting 
technique to enhance its photo-catalytic activity. However, controversial results related to this 
subject are presented in literature. The information found in the open literature, related to the 
phenol photo-degradation using doped titania catalysts, may be summarized as follows: 
 
 Traditional techniques for wastewaters treatment do not offer a complete solution 
because they leave the pollutant structure unchanged. The best technology for phenols 
abatement strongly depends on single case, in particular: phenol concentration in 
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stream, co-presence of other contaminants, the nature of the wastewaters, etc. Photo-
catalysis has a growing interest in pollutants degradation. 
 
 TiO2 has been suggested to be an efficient photo-catalyst for the degradation and 
mineralization of phenols in the presence of light. The principal problem of TiO2 is that 
it only uses a low fraction of solar spectra. In addition, the photo-induced electrons 
and holes tend to recombination.  
 
 Metal and non-metal doped TiO2 have been reported to improve photo-catalytic 
efficiency of titania. Doping with Fe, Co, Cu and Mo results especially interesting due to 
their similitude with titania properties such as atomic radius and electronegativity.  
 
 Various operating parameters such as: light intensity, initial concentration of the 
component to be degraded, catalyst loading, dopant content, pH of the medium, 
oxidizing agent and calcination temperature can influence significantly the photo-
catalytic degradation of phenols.  
 
1.8 Objectives, goal and content of the thesis 
In this M. Sc. Thesis in Chemical Engineering, the effect of transition metal doping in the 
physical, thermal, structural, chemical and photo-catalytic properties of TiO2 for phenol 
degradation is studied. The synthesis and characterization of metal/TiO2 materials applied in 
the degradation of phenol is the principal objective of this work. Wet impregnation method 
was employed for photo-catalysts preparation. Physical and chemical properties were studied 
by: thermo gravimetric - differential thermal – mass spectrometry analysis (TG-DTA-MS), X-
ray diffraction (XRD), atomic absorption spectroscopy (AAS), nitrogen adsorption at 77 K 
(BET), zero point charge (ZPC), diffused reflectance spectroscopy (DR), Raman spectroscopy, 
scanning electron microscope (SEM-EDS) and Fourier-transform infrared spectroscopy 
(FTIR). Photo-catalytic activity was verified for a model reaction: phenol degradation in UV 
(365 nm) and visible light (>400). A statistical tool is employed in order to optimize the 
experimental conditions. As far as we know, similar study over optimization of phenol photo-
degradation using statistical method, are not presented in the open literature.  The goal of this 
32 Synthesis and characterization of modified TiO2 for the photo-treatment of wastewater 
with visible light 
 
work was to find an efficient material for phenol photo-degradation as well as to optimize its 
working conditions in the studied reaction. It was also relevant to understand the effect of 
various parameters, related both with catalytic material as reaction conditions, which can 
affect the reaction efficiency. 
 
This document contains of four chapters. The first one, reviews the state of art on actual 
abatement technologies for phenol treatment, including photo-catalysis, as well as conditions 
which can potentially affect the photo-degradation of phenol-containing wastewater. In the 
second one, the materials and methods employed during the development of this work are 
presented. The third one corresponds to the presentation of the obtained results and their 
discussion. For this purpose, the transition metal (Cu, Co, Fe, Mo) supported TiO2 systems 
were prepared by wet impregnation method. Initially, the selection of metal was performed. 
Next, the effect of the content of selected metal, characterized with the highest activity, was 
studied. All considered catalytic systems were characterized using different physico-chemical 
techniques (TG-DTA-MS, XRD, AAS, BET, ZPC, DR, SEM-EDS, FTIR and Raman spectroscopy) 
and tested in phenol photo-degradation, in order to understand the relation between the 
obtained activity results and catalysts properties. The characterization of catalysts was 
performed at Lodz University of Technology (Lodz, Poland), where a research internship was 
developed between March and May of 2013. For the photo-catalytic tests, the support of 
Universidad EAFIT (Medellín, Colombia) was received within different internships since 2011. 
The corresponding results are presented and discussed in the following sections. 
Subsequently, the most active material for this reaction was selected. Therefore, the 
multifactorial Box-Benhken Design method was employed, as response surface methodology 
for the analysis of the different operating parameters. The optimum conditions for phenol 
degradation were defined. The kinetics study, at optimum conditions, was also developed. 
Finally, a study of catalyst deactivation was performed. The last chapter summarizes the 
conclusions and perspectives of this work. 
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2. EXPERIMENTAL STUDY 
2.1 Introduction 
The synthesis procedure used for the preparation of Metal/TiO2 systems is presented. 
Physical, thermal, structural, chemical and photo-catalytic properties of TiO2 and metal/TiO2 
systems were studied in order to understand their performance in phenol photo-degradation. 
Different techniques available in the Universidad Nacional de Colombia (Manizales), the 
Universidad EAFIT (Medellín) and the Technical University of Lodz (Poland) were used. 
Consequently, device specificities of the applied materials and characterization methods are 
presented below.   
2.2 Chemical reagents 
Table 2-1 present the list of the chemical reagents used during the development of this thesis. 
Table 2-1. Chemical reagents 
No. Chemical reagent Chemical formula Purity Provider 
1 Iron (III) nitrate nonahydrate Fe(NO3)3. 9 H2O ≥ 99% Merck 
2 Cobalt (II) nitrate 6-hydrate Co(NO3)2 . 6 H2O ≥ 98% PanReac 
3 Copper (II) nitrate 3-hydrate Cu(NO3)2 . 3 H2O ≥ 98% PanReac 
4 
Ammonium molybdate 4-
hydrate 
(NH4)6 Mo7O24*4 H2O ≥ 99% PanReac 
5 Titanium dioxide TiO2 
85% Anatase 
15% Rutile 
Degussa P25 
6 Phenol C6H5OH ≥ 99% Merck 
7 Deionized water H2O 
0,06 Micro siems/cm 
18 MΩ cm 
Thermoscientific 
8 Sodium hydroxide NaOH Mayor igual 97 
Carlo Erba  
reagents 
9 Sulfuric Acid H2SO4 95-97% Merk 
2.3 Synthesis of Metal/TiO2 catalysts 
Transition metal ion supported TiO2 (M/TiO2) catalysts were prepared by incipient wet 
impregnation method (Perego & Villa, 1997). This method involves three steps: i. contact of 
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the support with the impregnating solution for a certain period of time, ii. drying of the 
powder to remove the absorbed liquid and iii. catalyst activation by calcination, reduction 
and/or other appropriate treatment (Perego & Villa, 1997). Typically, the active metal 
precursor is dissolved in an aqueous or organic solution. Next, the metal-containing solution 
is added to a catalyst support with the same pore volume as the volume of the previously 
added solution. Capillary action draws the solution into the pores. The excess of the solution 
added to the support, comparing to its pore volume causes its transport to change from a 
capillary action process to a diffusion process, which is much slower. Finally, the catalyst is 
dried and calcined to drive off the volatile components within the solution, depositing the 
metal on the catalyst surface. The maximum loading is limited by the solubility of the 
precursor in the solution. The concentration profile of the impregnated compound depends 
on the mass transfer conditions within the pores during impregnation and drying. 
 
In a typical synthesis, the desired amount of the corresponding metal precursor was dissolved 
in deionized water and then commercial TiO2 (Degussa, P25) was added. After stirring at 
room temperature for 24 h, the solvent was evaporated by heating at 75°C and reduced 
pressure (100 mbar). The as-prepared catalyst precursor was dried in an oven at 100 C for 
12h and calcined at 500 °C for 6 h with a ramp rate of 1 °C.min-1 (according to TG-DTA-MS 
results). 
2.4 Characterization methods 
2.4.1 Thermal Analysis (TG-DTA-MS) 
In order to enable the thermal decomposition of the synthesized samples and eliminate the 
traces of the unreacted starting materials (if any) and/or products of their decomposition, the 
as-prepared powders require thermal treatment. However, their thermal handling at 
excessive temperature can result in particle scattering and/or undesirable crystallite 
migration. Therefore, at first TG-DTA-MS studies were performed in order to determine the 
appropriate conditions for the thermal treatment. 
 
Thermo-gravimetric analysis (TGA) is a technique in which the change in the mass of the 
sample is monitored against time or temperature, while the temperature of the sample, in a 
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specified atmosphere, is programmed. A variety of thermal programs can be used (isothermal, 
increasing, etc.). The mass variation can be related to: (i) a loss of mass due to desorption, 
drying or decomposition and (ii) the gain of mass due to oxidation process (Stephen Z.D. 
Cheng, 2007).  
 
Differential thermal analysis (DTA) is a technique in which the difference in temperature 
between a sample and a reference material is monitored against time or temperature, while 
the temperature of the sample, in a specified atmosphere, is programmed (Stephen Z.D. 
Cheng, 2007). The reference material is any substance which does not undergo 
transformation in the studied temperature range. Alumina (Al2O3) and carborundum (SiC) 
have been extensively used as a reference material for organic samples (Brown, 2001). 
Endothermic thermal effect (ΔH positive) takes place by dehydration of the sample; in this 
case, a negative peak is observed in DTA curve. Exothermic effects (ΔH negative) are related 
to the decomposition of the sample (oxidation reaction) and are evidenced as positive peaks. 
The area under the endothermic or exothermic peak is related to the value of the enthalpy 
change (ΔH) for the thermal effect (Brown, 2001). 
 
The determination of the nature of evolved gaseous products is possible if the DTA and TGA 
measurements are coupled with a gas analysis technique, such as a mass spectrometry (MS) 
(Speyer, 1994; Brown, 2001). 
 
In this study, TGA-DTA-MS studies were performed on dried, as-prepared catalyst precursors, 
using a Setsys 16/18 (Setaram, France) TGA-DTA instrument, coupled with a quadrupol mass 
spectrometer (Balzers Thermostar, Liechtenstein). The alumina (Al2O3) crucible containing 
approximately 20 mg of sample was heated from room temperature up to 800 °C, in air (40 
cm3.min-1), with a ramp rate of 5 °C.min-1. Corresponding m/z 17 (OH+, H2O), 18 (H2O+, H2O), 
30 (NO+, NO), 44 (N2O+, N2O), 45 (N2OH+, N2O) y 46 (NO2+, NO2) were monitored by mass 
spectrometry. 
2.4.2 X-ray diffraction (XRD) 
X-ray Diffraction (XRD) is a powerful technique used to identify the crystalline phases present 
in materials and to measure the structural properties of these phases (Brundle et al., 1992). 
When X-ray radiation passes through the matter, radiation interacts with the electrons of the 
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atoms, as result, a scattering of the radiation occurs. If the atoms are organized in planes and 
the distances between them are of the same magnitude as the wavelength of the X-rays, 
constructive and destructive interferences take place. As result, the diffraction in places 
where X-rays are emitted at characteristic angles occurs. Most crystals can have many sets of 
planes passed through their atoms. Each set of planes presents a specific atomic spacing and 
will give rise to a characteristic angle of diffracted X-rays (Klung & Alexander, 1974; Perego, 
1998). 
 
XRD results are used to identify the crystalline phases present in materials, to evaluate the 
average particle size and calculate the lattice parameters for a given sample. The particle size 
was estimated from the width at half maximum of principal diffraction peak, using the 
Scherrer equation (Scherrer, 1918) (Equation (2.1)). 
 
 
(2.1) 
 
where: Dhkl is the crystallite size, k=0.9 is the share factor, λ is the wavelength, θ the diffraction 
angle and β the full width at half maximum (Gomathi Devi & Narasimha Murthy, 2008). The 
interplanar spacing (dhkl) was determined using Bragg Law (Equation (2.2)). a, b and c are the 
lattice parameters.  
 
(2.2) 
 (2.3) 
 
In this case, lattice parameters (a = b ≠ c) were obtained using the X-ray diffraction peaks of 
crystal plane (101) and (200) (Equation (2.3)) (Naeem & Ouyang, 2010). The mean peaks for 
anatase phase are at 2θ = 25.3 – 37.8  and 48.1. Peaks related to rutile phase are at 2θ = 27.4 – 
36.1 and 54.3. 
 
Anatase fraction was determined by Equation (2.4) (Sidheswaran & Tavlarides, 2009) where 
IA and IR are referred to the most intense peak of anatase and rutile phases.  
 
 
(2.4) 
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Here, X-ray diffraction (XRD) patterns were obtained at room temperature using a Rigaku, 
Miniflex II diffractometer, operating at 30 kV and 15 mA (Cu K radiation, =1.540562). Data 
were collected in the range of 20–90 2θ with a rate of 1C . min-1.  
2.4.3 Atomic Absorption Spectroscopy (AAS) 
The analytical application of Atomic Absorption Spectroscopy (AAS) is based on the fact that 
metal atoms absorb strongly at characteristic wave lengths, which coincide with the emission 
spectra lines of the particular metal (Robinson & Rouge, 1960). AAS is an easy, quick, precise 
and accurate method for metal content determination.   
 
If the light passes through a cloud of atoms, a quantitative determination of the amount of the 
analyzed element can be made, measuring the amount of absorbed light at the resonant 
wavelength. The atom cloud required for atomic absorption measurements is produced by 
supplying enough thermal energy to the sample to dissociate the chemical compounds into 
free atoms. Aspirating a solution of the sample into a flame aligned in the light beam serves 
for this purpose. Under the proper flame conditions, atoms are able to absorb light at the 
analytical wavelength from a source lamp (Beaty & Kerber, 1993).  
 
In this study, Atomic Absorption Spectroscopy (AAS) analyses were performed with a Solaar 
M6 Unicam spectrophotometer in order to estimate the amount of metal deposited on TiO2. 
Initially, the microwave digestions of the analyzed samples were carried out by aqua regia (3 
cm3 + 100 mg of the sample), using microwave oven MLS-1200 MEGA (Milestone). The 
obtained solutions were placed in measuring flasks and diluted with 100 cm3 of deionised 
water. A blank test was prepared in the similar way. 
2.4.4 Nitrogen adsorption/desorption isotherms 
Gas adsorption measurements are widely used for the characterization of porous solids. The 
application of physisorption for the determination of the surface area and pore size 
distribution is especially important. Nitrogen (at 77 K) is the recommended adsorbate for 
determining the surface area and pore size distribution (Klobes et al., 2006). 
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From the experimental point of view, the first step in determining the adsorption isotherm is 
to outgas of the adsorbent. In the case of physical adsorption, this step let to remove the 
adsorbed water, and other adsorbed substances, from the surface. This cannot be done 
efficiently by evacuation at room temperature, and is usually accelerated by heating of the 
adsorbent. However, it is necessary to insure that the temperature maintained during the 
outgassing does not lead to the solid sintering, and consequently will decrease its surface 
area. Next, the determination of the dead space should be done by admitting a non-adsorbing 
gas, usually helium, when the cell is at the temperature at which the isotherm will be 
measured. The initial pressure of the helium is measured by the pressure gauge in a system of 
accurately known volume. From the pressure drop, the effective volume of the cell is 
determined. Next, the helium is evacuated, the cell shut and N2 is admitted to the calibrated 
gauge volume. The gas pressure is measured, and the N2 is admitted to the sample, which is 
held at 77 K. After the pressure reaches the equilibrium (which may take up to one hour) the 
final pressure is recorded. The amount of adsorbed gas is calculated from the decrease in 
pressure compared with the expected one, from the increase in volume when the gas is 
admitted to the sample cell (Brundle et al., 1992).  
 
A standard practice is to apply the Brunauer-Emmett-Teller (BET) method to derive the 
surface area from physisorption isotherm data. For this purpose it is convenient to apply the 
BET equation, as following (Klobes et al., 2006): 
  
 
(2.5) 
 
where:  
: is the amount adsorbed at a relative pressure   
: is the monolayer capacity 
: is the working pressure 
: is the vapor pressure of a gas at adsorption temperature 
: is a constant depending on the isotherm shape  
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The plot  vs.  (BET plot), is a straight line with intercept  and slope
, allowing for the calculation of  and . It should be noted that when isotherms are 
measured close to the boiling point of the adsorbed gas, e.g. for nitrogen adsorbed at 77 K, the 
range of validity of the BET equation is in the relative pressure (p/p0) range between 0.05 and 
0.35 (Brundle et al., 1992).  
 
The next step is the calculation of the surface area, , using the following equation:  
 (2.6) 
where:  
: is the Avogadro constant,  
: is the average area occupied by each adsorbed molecule in the complete monolayer. 
Usually assumed as closed packed:  at 77 K   
 
Pore size distribution can be calculated according to the pore size. For mesoporous solids, the 
method formulated by Barrett et al. (1951) is one of the earliest methods developed. The 
method assumes that the absorption in mesoporous solid (cylindrical pore is assumed) 
follows two sequential processes – building up of adsorbed layer on the surface followed by a 
capillary condensation process (Bottani & Tascón, 2008). 
 
In this study, nitrogen adsorption/desorption isotherms at 77 K were measured using 
Micrometrics ASAP 2010 apparatus. Prior to the measurement, all samples were degassed for 
4 h at 300 °C. The specific surface area was calculated according to the BET theory while the 
pore size, their distribution and the pore volume were calculated using the Barret-Joyner-
Halenda (BJH) method. 
2.4.5 Zero Point Charge (ZPC) 
The pH of an aqueous suspension of an oxide depends on the amount of powder in a given 
volume of water. The zero point charge of the oxide is the value of pH required to give zero 
net surface charge. The adsorption sites for anions and cations are charged surface groups 
resulting from the protonation-deprotonation equilibria of the surface hydroxy groups of the 
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oxide. The knowledge of the ZPC can help, in principle, to predict whether the ion exchange to 
a specific component of the oxide system is or not favored (DiPaola et al., 2001). 
 
The ZPC of the support plays an important role together with the pH of the solution and the 
ionic species of the precursor (Perego & Villa, 1997). The pH determines the surface charge of 
the photo-catalyst. Adsorption is minimum if pH of the solution is at the isoelectric point (Rauf 
et al., 2011). At pH below the isoelectric point, the surface will be positively charged and will 
be surrounded by anions for simple electrostatic reasons and therefore the surface will attract 
and absorb anions. On the other hand, at pH above the isoelectric point, the surface will be 
negatively charged, being surrounded by cations which, will be absorbed from the solution 
(Perego & Villa, 1997). Depending on the pH, TiO2 catalyst surface present the following 
charge: 
 
  ( ) 
 ( ) 
 
Zero point charge of TiO2 and M/TiO2 systems was determined by mass titration method 
(DiPaola et al., 2001; Subramanian et al., 1988; Noh & Schwarz, 1989). This method involves 
finding the limiting pH value of catalyst/water slurry, as catalyst content is increased. 
Different amounts of sample were added to deionized water in the following weight ratios: 
0.1, 1, 5, 10 and 20%. The resulting pH values were measured after 24 h of equilibrium.  
2.4.6 Diffused Reflectance Spectroscopy (DR) 
Diffused reflectance spectroscopy is a technique based on the reflection of UV-visible 
radiation by finely divided materials. The coordination and ligand charge transfer phenomena 
in transition metal ion of heterogeneous catalyst may be easily studied from the intensity and 
position of the UV-visible absorption bands (Fierro, 1990).  
 
Here, diffused reflectance spectra were recorded by a Perkin Elmer Lambda 20 UV-VIS 
spectrometer coupled with a diffused reflectance sphere, in the range 190-800 nm at 240 
nm/min. Reflectance values were converted to F(R) according to Kubelka Munk theory 
(Bellardita et al., 2007).  
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(2.7) 
 
(2.8) 
 
(2.9) 
 
Band gap values were obtained extrapolating the linear part of the plot [F(R)·hv]1/2 vs. photon 
energy (hv) assuming the porous samples as indirect crystalline semiconductors (Bellardita et 
al., 2007; Gomathi Devi & Eraiah Rajashekhar, 2011; Baia et al., 2011; Wang et al., 2005; Colon 
et al., 2006; Centeno et al., 2008; Yu et al., 2009; Colmenares et al., 2006).  
2.4.7 Raman Spectroscopy 
Raman spectroscopy is one of the most important vibrational spectroscopy techniques. It is 
related to a two-photon inelastic light-scattering event (Larkin, 2011). It uses a single 
frequency of radiation to irradiate the sample. Next the radiation scattered from the molecule, 
one vibrational unit of energy different from the incident beam, is detected (Smith & Dent, 
2004).  
 
Raman spectroscopy involves the study of the interaction of radiation with molecular 
vibrations and provides characteristic fundamental vibrations that are employed for the 
elucidation of molecular structure. Raman spectrum provides a “fingerprint” of a particular 
molecule. The frequencies of these molecular vibrations depend on the masses of the atoms, 
their geometric arrangement, and the strength of their chemical bonds. The spectra provide 
information on molecular structure, dynamics, and environment (Larkin, 2011).  
 
Here, Raman Spectroscopy was performed by a Raman spectrometer model T64000 (Jobin-
Yvon) coupled with microscope (Olympus BX-40) and using three grids (3x1800 grove/mm). 
The system offers spectral resolution of 1 cm-1 for exciting line of 514.5nm and spatial 
definition lower than 1 µm on sample surface. The measurements were carried out at opened 
confocal diaphragm, long focal distance with 50 times magnification, numerical aperture 
N.A.=0,5 and the signal was collected from area with a diameter of c.a. 4-5 µm. Laser power at 
the sample was 5 mW . Time of measurement was readjusted to receive spectrum which has 
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sufficient signal-to-noise ratio for the mathematical analysis (deconvolution). Several 
independent spectra for each sample were collected (between 3 and 7). Deconvolutions of the 
spectra have been carried out by using software PeakFit version 4.0 (Jandel). 
2.4.8 Scanning Electron Microscopy - Energy Dispersive 
Spectroscopy (SEM-EDS) 
The scanning electron microscope (SEM) let to observe and characterize the heterogeneous 
organic and inorganic materials on a nanometer (nm) to micrometer (μm) scale (Goldstein et 
al., 2003). A magnified image of the material’s surface is provided by SEM. Information 
concerning the topographical characteristics and the composition near surface regions of the 
material is provided (Brundle et al., 1992). 
 
In the SEM, the area or the microvolume to be analyzed is irradiated with a finely focused 
electron beam, which may be swept in a raster across the surface of the specimen to form 
images or may be static to obtain an analysis at one position. The types of signals produced 
from the interaction of the electron beam with the sample include secondary electrons, 
backscattered electrons, characteristic X-rays, and other photons of various energies. These 
signals are obtained from specific emission volumes within the sample and can be used to 
examine many characteristics of the sample (surface topography, crystallography, 
composition, etc.) (Goldstein et al., 2003). 
 
Scanning Electron Microscopy (SEM) for TiO2 and M/TiO2 systems were performed using a S-
4700 (Hitachi, Japan) coupled with Energy Dispersive Spectrometer (EDS) (Thermo Noran, 
USA) at an acceleration voltage of 25 kV. Images were recorded at several magnifications. The 
content of elements in the studied microarea of the oxide surface layer was determined by the 
EDS method basing on the obtained characteristic X-ray spectra. In order to reduce the charge 
build-up on the samples, they were placed on carbon plasters in a holder and before analyzing 
were coated with a carbon monolayer. 
2.4.9 Fourier-Transform Infrared Spectroscopy (FTIR) 
Fourier-transform infrared spectroscopy is based on the idea of the interference of radiation 
between two beams to yield an interferogram (Stuart, 2004). The goal of the basic infrared 
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experiment is to determine changes in the intensity of a beam of infrared radiation as a 
function of wavelength or frequency (2.5-50 µm or 4000-200 cm-1, respectively) after it 
interacts with the sample. FTIR is one of the few techniques that can provide information 
about the chemical bonding in a material, it is particularly useful for the nondestructive 
analysis of solids and thin films, for which there are few alternative methods.  
 
The centerpiece of most equipment configurations is the infrared spectrophotometer. Its 
function is to disperse the light from a broadband infrared source and to measure its intensity 
at each frequency. The ratio of the intensity before and after the light interacts with the 
sample is determined. The plot of this ratio versus frequency is the infrared spectrum. It is 
commonly plotted in one of three formats: as transmittance, reflectance, or absorbance 
(Brundle et al., 1992). Transmittance is traditionally used for spectral interpretation, while 
absorbance is used for quantitative work (Stuart, 2004). A small amount of the solid sample is 
mixed with powdered potassium bromide (KBr), which is completely transparent in the mid-
infrared region. The sample and KBr mixture is pressed to obtain a good pellet and yield good 
spectra  (Duque Salazar, 2011). 
 
In this thesis, FTIR characterization of TiO2 and M/TiO2 samples calcined at 500°C was 
performed in a Nicolet 6700 FT-IR spectrometer (Thermo Scientific, USA) with MCT detector 
(photoconductive detector HgCdTe) using a standard sample holder. Transmittance 
measurements were performed using KBr technique. 29.5 mg pellets were prepared with 
3.4wt.% of sample and 96.6wt.% of potassium bromide (KBr) pressed at 5 ton for 5 minutes. 
FTIR spectra were recorded in the mid-infrared range of 4000 -400 cm-1 at room temperature. 
2.5 Software: Origin, Statgraphics and Matlab 
Origin 8.1 is a software application with tools for data analysis, publication-quality graphing, 
and programming. Origin tools include peak analysis, curve fitting, statistics, and signal 
processing (Origin Lab, 2009).  
 
Statgraphics 5.1 is software designed for statistical analysis and data visualization.  It is used 
to calculate statistics, compute data analytics, optimize processes, design experiments, 
implement Six Sigma, improve quality, forecast time series and perform statistical hypothesis 
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tests. The program includes procedures for multivariate statistics, sample size determination, 
data visualization, statistical graphics, regression, ANOVA, factor analysis, quality 
improvement, cluster analysis, principal components, and statistical modeling (Statistical 
Graphics Corp., 2004).  
 
Matlab® R2012a is a high-level language and interactive environment for numerical 
computation, visualization, and programming. Using MATLAB, it is possible to analyze data, 
develop algorithms, and create models and applications (Matworks, 2012). 
 
Here, the software’s described above were employed in order to analyze the results of the 
different characterization methods and photo-catalytic tests as well as to sketch the photo-
catalytic experiments. 
2.6 Multifactorial Box-Behnken Design  
Multifactorial Box-Behnken design (BBD) is a type of response surface methodology (RSM). 
RSM is a statistical technique which can be used to establish relationships between several 
independent variables and one or more dependent variables. RSM optimizes multiple 
variables by systematic variation of all variables in a well-designed experiment with a 
minimum number of experiments (Ray et al., 2009). It is normally used to perform non-
sequential experiments, it means, the experiment is carried out only once. BBD presents the 
following advantages: i) it allows for efficient estimation of the first and second order 
coefficients, ii) is less expensive to run than central composite designs with the same number 
of factors because it contains lower amount of design points, iii) it does not have axial points, 
ensuring that all design points fall within the safe ranges of operating parameters and also 
ensures that all factors are never set at their high levels simultaneously (Kadirgama et al., 
2007).  
 
In this thesis, the RSM was chosen and implemented to define the optimal operational 
conditions of the photo-catalytic process. A multifactorial BBD was defined in order to 
evaluate the influence of several parameters including: pH, catalysts loading and initial phenol 
concentration. The experiments were programmed using Statgraphics 5.1 (Statistical 
Graphics Corp., 2004) facilitated by “Universidad EAFIT”. Fifteen tests were randomly made in 
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order to avoid any systematic errors. Three different levels (values) were chosen for each of 
three variables. Variable levels and codifications are presented in Table 2-2 and response 
variable in Table 2-3. 
 
Table 2-2. Experimental Factors 
Experimental Factors Minimum Maximum 
Initial concentration of phenol (mg/L) Ci 10 50 
Catalyst loading (g/L) Cat 0.1 0.7 
pH pH 1 8 
  
Table 2-3. Response Variables 
Response Variables 
Apparent reaction rate Kapp 
% Degradation % Deg 
 
The statistical analysis was based on the analysis of variance (ANOVA), Pareto diagram, Box-
Benkhen response surface plot, and the variation coefficients. Experimental data were 
analyzed using Statgraphics 5.1 and Matlab R2012a. For the response surface method, the 
experimental results were adjusted to a second order multivariable polynomial as presented 
in Equation (2.10): 
 
 
(2.10) 
 
where  is the response variable (Kapp);  and  are the regression coefficients 
which corresponds to the intersect, lineal, quadratic and interactions, respectively; and Xi and 
Xj are the independent variables. The quality of this model and its prediction capacity are 
related to the variation coefficient, R2 (Gil-Pavas et al., 2009). 
2.7 Photo-catalytic Tests 
Photo-catalytic tests were carried out in a pyrex, batch, cylindrical reactor (Figure 2-1) 
containing ca. 120 mL of aqueous phenol solution (10-50 ppm) and TiO2 or M/TiO2 catalyst 
(0.1-0.7 g/L). The pH (1-8) was adjusted with diluted solutions of H2SO4 or NaOH according to 
acid or basic conditions. Air was continuously bubbling to the agitated solution (10 mL/s). 
The suspension was constantly stirred for 30 min in the dark before irradiation. For tests with 
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UV light, a black light lamp (F6T5 BL, λ = 365 nm) was introduced to the reactor. For 
experiments with visible light, a day light lamp (F6T5 BL, λ > 400 nm) was employed. 
Reaction was run in light for 2 hours at room temperature (25°C). Each time, 1 mL samples 
were taken at intervals of 15 or 30 min. The evolution of phenol concentration was followed 
by High Pressure Liquid Chromatography (HPLC). A HPLC-UV, AGILENT, was used with the 
following parameters: mobile phase: acetonitrile–water–acetic acid (36–60–4), flow: 0.8 
ml/min, lamp: tungsten-deuterium, column: ECLIPSEXDB-C18-5 mm, and retention time: 10 
min.  
 
Figure 2-1. Photo-catalytic reactor 
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3. RESULTS AND DISCUSSION 
3.1. Abstract 
Thermal, textural, morphological and physico-chemical properties of TiO2 and Metal/TiO2 
materials were analyzed by: TG-DTA-MS, XRD, AAS, BET, ZPC, DR, SEM-EDS, FTIR and Raman 
spectroscopy. The photo-catalytic activity of studied samples was evaluated in the phenol 
degradation. The transition metal (M=Cu, Co, Fe, Mo) supported TiO2 systems were prepared 
by wet impregnation method. First, the effect of presence of different metals on TiO2 photo-
catalytic properties was studied, in order to obtain photo-materials with better catalytic 
properties. Next, the effect of the selected metal content on its photo-catalytic performance 
was investigated. Finally, Box-Benhken design was carried out for the TiO2 and previously 
selected M/TiO2 system at two different wavelengths: UV and Visible light, in order to 
determine the optimum conditions for the reaction. The kinetic study at optimum conditions 
was performed.  
3.2. Introduction 
The photo-catalytic evaluation of the M/TiO2 systems is performed in order to select the best 
metal for phenol degradation in both, UV radiation and visible light. The metal loading is 
optimized for phenol degradation in both light sources. Photo-catalytic results are discussed 
according to the physical and chemical characterization. Optimum conditions for the 
degradation processes are selected according to the Box-Benhken design. Finally, the kinetic 
study for the optimized material is done. 
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3.3. Characterization of TiO2 and M(1 wt.%)/TiO2 
systems  
3.3.1. Introduction 
Different characterization techniques (TG-DTA-MS, XRD, AAS, BET, ZPC, DR, SEM-EDS, FTIR 
and Raman spectroscopy) were employed for the evaluation for thermal, textural, 
morphological and physico-chemical properties M/TiO2 systems. The photo-catalytic activity 
of Metal/TiO2 systems was evaluated in the phenol degradation.  
3.3.2. Physical, chemical and morphological properties 
The color of TiO2 (Degussa P-25) was initially white. After the impregnation with the 
corresponding metals, its color changed (Figure 3-1). The deposition of iron resulted in the 
dark yellow sample and that of cobalt produced blue one. When copper and molybdenum 
were supported on TiO2, green and light yellow powders were obtained, respectively.  
 
The change in the TiO2 color after its modification with metals was also reported in the open 
literature. Bernardi et al. (2007) obtained greenish materials using electron beam deposition 
method and cobalt nitrate as precursor (5% of metal), and brown-reddish materials when 
iron sulfate (5% of metal) was used as metal precursor. Amadelli et al. (2008) prepared 
greenish materials applying incipient wetness impregnation method of cobalt acetate (0.2 to 
2% of metal) on TiO2 (Degussa P-25). Choi et al. (1994) prepared doped-TiO2 by the 
controlled hydrolysis of titanium tetraisopropoxide in the presence of metal salts. When CoF3 
and iron nitrate were used, materials were pink and yellowish, respectively (0.1 to 3% of 
metal). Teleki et al. (2008), prepared greenish samples using Flame Spray Pyrolysis with 
copper (II) 2-ethylhexanoate as metal precursor (1. 5 and 10% of metal). Chiang et al. (2002) 
synthesized TiO2 (Degussa P25)-Cu (nitrate, Cu(NO3)2*2.5 H2O) systems using photo-
deposition method and obtained grayish materials. Kim et al. (2004) synthetized yellow Fe-
doped TiO2 by mechanical alloying (0.27 to 4.5% of metal). Shen et al. (2009) reported green 
color when they prepared Mo/TiO2 systems by sol-gel method. Stengl & Bakardjieva (2010) 
affirmed that the color slightly changed when they prepared Mo-doped anatase by thermal 
hydrolysis of peroxotitanium complex aqueous solutions containing a molybdenum peroxo-
complex.  
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Figure 3-1. Color change for the 1% M/TiO2 systems 
 
One can see that the change in the color after metal deposition of TiO2 strongly depends on 
the preparation method, type of metal and metal precursor. It is interestingly to note that the 
color of the semiconductors has been associated with the band gap values. The energy of 
visible light spectrum lies in the region of 1.5 (red) - 3.0 eV (violet). Thus, the semiconductors 
having a narrow band gap of about 1.5 eV are black and those having a band gap of about 3.0 
eV are white. WO3 and CdS, which absorb part of the wavelength from the visible region, are 
yellow (Sobczyński & Dobosz, 2001).  
 
3.3.2.1. Thermal analysis 
Thermogravimetric analysis (TG-DTA) results obtained in a stream of air for uncalcined 1wt. 
% metal/TiO2 powders are presented in Figure 3-2. Table 3-1 summarizes the obtained 
results. Peaks are presented below 500°C for the different materials.  
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Figure 3-2. TGA-DTA curves of impregnated TiO2  a) 1% Cu/TiO2 b) 1% Co/TiO2 c) 1% Fe/TiO2 d) 1% 
Mo/TiO2, in the stream of air 
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Table 3-1. Weight loss regions for M/TiO2 systems 
Sample % Weight loss 
 20-170°C 170-350°C 350-500°C Total 
1% Cu/TiO2 1.4 1.5 0.4 3.3 
1% Co/TiO2 1.2 1.3 0.1 2.6 
1% Fe/TiO2 1.2 0.9 0.2 2.3 
1% Mo/TiO2 0.5 1.4 0.2 2.1 
 
Table 3-2. Summary of MS results for impregnated powders 
Catalyst 
Mass 
number 
(m/z) 
Temperature 
(max. intensity) 
(°C) 
Temperature 
range (°C) 
Intensity ion 
current (A) 
Key 
Fragment 
Probable 
parent 
molecule 
1
%
 C
o
/ 
T
iO
2
 
17 94 30-170 1.49 x10-11 
OH+ H2O 
17 250 200-325 1.20 x10-11 
18 94 36-170 6.72 x10-11 
H2O+ H2O 
18 250 200-320 5.39 x10-11 
30 290 85-400 1.32 x10-11 NO+ NO 
44 250 85-350 2.47 x10-12 N2O+ N2O 
45 250 80-400 1.36 x10-13 N2OH+ N2O 
46 300 80-400 1.45 x10-13 NO2+ NO2 
1
%
 C
u
/ 
T
iO
2
 
17 96 50-120 3.91 x10-11 OH+ H2O 
18 94 50-120 3.91 x10-11 H2O+ H2O 
30 255 150-280 1.24 x10-11 
NO+ NO 
30 340 280-350 1.19 x10-11 
44 260 185-280 3.24 x10-12 
N2O+ N2O 
44 440 380-460 2.91 x10-12 
45 260 100-290 1.32 x10-13 
N2OH+ N2O 
45 446 360-460 1.34 x10-13 
46 260 110-280 1.65 x10-13 
NO2+ NO2 
46 336 280-360 1.51 x10-13 
1
%
 F
e/
T
iO
2
 
17 115 30-170 9.24 x10-12 
OH+ H2O 
17 250 170-280 8.46 x10-12 
18 115 30-170 4.13 x10-11 
H2O+ H2O 
18 250 170-280 3.77 x10-11 
44 285 120-330 2.10 x10-12 N2O+ N2O 
45 270 100-350 1.34 x10-13 N2OH+ N2O 
46 230 100-350 1.39 x10-13 NO2+ NO2 
1
%
 
M
o
/T
iO
2
 
17 94 30-130 5.40 x10-11 OH+ H2O 
18 94 30-130 2.41 x10-10 H2O+, NH4+ H2O, NH4+ 
46 265 170-400 1.42 x10-13 NO2+ NO2 
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Table 3-2 present the response of MS coupled with TG-DTA. The observed thermal effects 
over the studied temperature range have endothermic character. Mass spectrometry (MS) 
analysis explains the thermal effects.  
 
For all the M/TiO2 systems, the TG-DTA thermograms obtained in air exhibit three regions of 
weight loss (Table 3-1). The first weight loss region is located in the temperature range of 20-
170°C. In this region, a weight loss of ca. 1.4%, 1.2%, 1.2%, 0.5% for 1% Cu/TiO2, 1% Co/TiO2, 
1%Fe/TiO2 and 1% Mo/TiO2 systems, respectively was observed. It is related to the 
elimination of physisorbed water, as confirmed by MS studies. The second characteristic 
region, between 170-350°C shows a weight loss of ca. 1.5%, 1.3%, 0.9% and 1.4% for 1% 
Cu/TiO2, 1% Co/TiO2, 1% Fe/TiO2 and 1% Mo/TiO2 systems, respectively. This stage is related 
to the elimination of chemisorbed water, as it can be seen basing on MS results (Table 3-2). 
The third weight loss region, observed between 350-500°C is related to the decomposition of 
precursor species (such as nitrates and ammonium), used for the synthesis of materials. 
Discharge of nitrogen oxides: NO (max. ca. 290, 255 and 340°C), N2O (max. ca. 280 and 440°C) 
and NO2 (max. ca. 260 and 330°C) was mainly observed in MS spectra. No significant weight 
loss is detected at temperature higher than 500°C, in this sense, a temperature of 500°C is 
proposed as the minimum calcination temperature for the prepared materials. 
3.3.2.2. Textural and morphological properties   
The specific surface area and metal loading of the catalysts, determined by the N2-BET and 
AAS methods, respectively are given in Table 3-3. TiO2 presents the highest BET specific 
surface area, comparing to M/TiO2 systems. A negligible reduction in BET (max. 2.6%) was 
observed after metal deposition. The BET area presents the following order: TiO2  1% 
Fe/TiO2 > 1% Cu/TiO2 > 1% Mo/TiO2 > 1% Co/TiO2.  
 
In the presence of metal, the mean pore size diameter of TiO2 was reduced in 22.7%, 44.5% 
and 59.5% for 1% Fe/TiO2, 1% Cu/TiO2 and 1% Co/TiO2, respectively. However, in the case of 
1% Mo/TiO2, the mean pore size diameter was almost the same as that of TiO2. This effect 
could be attributed to the obstruction of the pores of the support by metal species, 
characterized with high ionic radius (Table 3-3). Moreover, as the difference between the 
metal ionic radius and that of Ti increases, the BET decreases (Table 3-3). It can be related to 
the observed obstruction of TiO2 pores by metal species (DiPaola et al., 2002; Delaigle et al., 
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2011). The nominal metal content for all Metal/TiO2 systems was 1%. One can see that the 
real metal content was very close to the nominal one (Table 3-3). 
 
Table 3-3. Summary of TiO2 and M/TiO2 properties 
Catalyst 
Real metal 
content  
(%) 
BET 
(m²/g) 
Mean pore 
size  
diameter 
(nm) 
Ionic Radius 
(metal ion, pm) 
TiO2 - 57.0 37.5 63 
1% Co/TiO2 1.02 55.5 15.2 74 
1% Cu/TiO2 0.98 56.2 20.8 69 
1% Fe/TiO2 1.05 56.9 29.0 64 
1% Mo/TiO2 0.99 56.1 37.6 62 
 
Figure 3-3 presents the XRD patterns of TiO2 and M/TiO2 powders. The XRD pattern of TiO2 
corresponds to the mixture of anatase and rutile crystalline phases, in the ratio of ca. 5.6:1, 
respectively. The anatase to rutile ratio was determined using areas of the most intense 
diffraction peaks due to these two modifications of titania, as previously proponed by DiPaola 
et al. (2002). The peaks at 2θ = 25.28, 37.8 and 48.05 are the principal peaks assigned for 
anatase structure and those at 2θ = 27.447, 36.086 and 54.323 are related to the rutile one.  
The diffraction patterns for metal impregnated samples were very similar to that of TiO2; 
however their intensities were reduced due to the presence of the metal. No clear metal or 
metal oxides reflections were observed, in the case of all studied catalysts due to the 
overlapping peaks descended from anatase /rutile with those suitable for metal phases. This 
behavior can be attributed to both small metal quantity (Zhu et al., 2010) and indicate that 
metals were uniformly dispersed over the TiO2 and was not packed crystal (Chun et al., 2004).  
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Figure 3-3. XRD patterns for the catalysts, a) TiO2, b) 1% Cu/TiO2, c) 1% Mo/TiO2, d) 1% Co/TiO2, e) 1% 
Fe/TiO2 
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The crystal size, lattice parameters and anatase to rutile ratio for of all samples are present in 
the Table 3-4. For impregnated materials, lattice parameters (α, b and dhkl) were very similar 
to those of TiO2. The parameter c is slightly lower than that of TiO2. The slight decrease in the 
unit cell volume suggests that metal ions may not enter the TiO2 lattice (Gomathi Devi et al., 
2009a). The average crystal size of Fe, Co and Mo impregnated materials is smaller than pure 
TiO2 (8.5%, 3.1% and 0.6% respectively) while for Cu is slightly higher (1.2%), showing the 
following order: 1% Fe/TiO2 < 1% Co/TiO2 < 1% Mo/TiO2 < 1% Cu/TiO2. The observed 
decrease in the crystallite size of the doped samples can be due to the possible formation of 
M–O–Ti bonds which inhibits the growth of crystal grains (Gomathi Devi et al., 2009a). In this 
way, the incorporation of metal ions restrict the crystallite growth and reduce the crystallite 
size, as reported by other authors (Vijayan et al., 2009; Ghasemi et al., 2009; Yang et al., 2009). 
The average crystal size for the TiO2 and 1% M/TiO2 systems was in the range 18.9–20.9 nm. 
Considering that the values are higher than 10 nm, the value at which quantization effect may 
occur, particles remain into the desired values for photo-catalytic applications (Michałów, 
2009). 
Table 3-4. Crystallite size, lattice parameters and anatase to rutile ratio results 
Catalyst dhkl a=b c 
Cell 
volume 
Crystallite 
Size (nm) 
Anatase 
Fraction 
Anatase to 
rutile ratio 
TiO2 3.5 3.8 9.8 140.4 20.7 85.0% 5.6 
1% Fe/TiO2 3.5 3.8 9.3 132.2 18.9 85.6% 6.0 
1% Mo/TiO2 3.5 3.8 9.4 133.8 20.6 83.7% 5.1 
1% Co/TiO2 3.5 3.8 9.2 131.7 20.0 83.3% 5.0 
1% Cu/TiO2 3.5 3.8 9.5 136.1 21.0 81.3% 4.3 
 
The anatase to rutile ratio is 23.2%, 11.7% and 9.4% lower for Cu, Co and Mo materials than 
that of TiO2, while for Fe is slightly higher (5.7%). The anatase to rutile ratio follows the order: 
1% Cu/TiO2 < 1% Co/TiO2 < 1% Mo/TiO2 < 1% Fe/TiO2. It means that Co, Cu and Mo can act as 
promoters of anatase-to-rutile phase transformation, while the Fe can be an inhibitor. In 
general, small cations characterized with low valence (<4) can promote the anatase-to-rutile 
transformation and large cations characterized with high valence (>4) can inhibit it (Hanaor & 
Sorrell, 2011). Co and Cu have already been reported as promoters of the anatase-to-rutile 
phase transformation (Hanaor & Sorrell, 2011). Iron has already been described as its 
inhibitor, as observed in this work, but also as a promoter (Hanaor & Sorrell, 2011). Finally, 
molybdenum has been recognized as inhibitor (Gallardo Amores et al., 1995) and also as 
promoter (Bregani et al., 1996).  
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Figure 3-4. SEM micrographs of (a) TiO2 (b) 1% Mo/ TiO2 (c) 1% Co/ TiO2 (d) 1% Cu/ TiO2 (e) 1% Fe/ TiO2  
Magnification x2500 and x10000 
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The micro structural characterization of TiO2 and Metal/TiO2 (M/TiO2) systems were carried 
out by scanning electron microscopy. Figure 3-4 presents the SEM images of the M/TiO2 
materials at a magnification of 2500 and 10000, respectively. SEM micrographs did not reveal 
significant differences in the morphology of TiO2 and metal loaded TiO2.  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 3-5. Characteristics X-ray spectra for (a) TiO2 (b) 1% Mo/ TiO2 (c) 1% Co/ TiO2 (d) 1% Cu/ TiO2 (e) 
1% Fe/ TiO2 
Magnification x2500 
 
All samples are characterized with the presence of agglomerates with irregular shapes and 
sizes ranging between 3.5 and 30 micrometers (m), depending on the sample composition. 
The following order of average size of agglomerates, depending on deposited metal, was 
observed: TiO2 (30 m) > 1% Co/TiO2 (15 m) > 1% Mo/TiO2 (10 m)> 1% Cu/TiO2 (5 m)> 
1% Fe/TiO2 (4 m). One can see that metal presence prevents particles agglomeration. It can 
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be explained by the change of particle surface charge due to the presence of metals (Jiang et 
al., 2008). Higher aggregates size can be detrimental to photo-catalytic activity as particles are 
hidden for the light absorption (Ambrus et al. 2008).  
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
Figure 3-6. SEM-EDS images for (a) TiO2 (b) 1% Mo/ TiO2 (c) 1% Co/ TiO2 (d) 1% Cu/ TiO2 (e) 1% Fe/ TiO2   
Magnification x2500 
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The presence of the impregnated metals was confirmed by EDS measurements and is 
presented in Figure 3-5. SEM-EDS images are present in Figure 3-6 for titania and different 
Metal/TiO2 systems. The figures show uniform metal ions distribution in the TiO2 support. 
 
The FTIR spectra of the TiO2 and 1% Metal/TiO2 samples are illustrated in Figure 3-7 and 
summarized in Table 3-5. For TiO2 sample, the spectrum displays strong absorption band at 
3734 cm-1 corresponding to isolated –OH. The band at 3416 cm-1 is related to O-H stretching 
frequency of –OH groups of water, the band at 1632 cm-1 is attributed to H-O-H bonding 
vibration mode of physisorbed water (Choudhury & Choudhury, 2012; Gandhi et al., 2012). 
The band at 424 cm-1 is due to the vibration of the Ti-O bond (Choudhury & Choudhury, 2012) 
and the band at 636 cm-1 is assigned to the vibration of the Ti-O-O bond (Gomathi Devi et al., 
2009b). The band at 2353 cm-1 is assigned to CO2 present in the atmosphere (Venkov & 
Hadjiivanov, 2003). In the case of 1% Metal/TiO2 materials, the bands at 3734 cm-1 and 3416 
cm-1 are slightly shifted due to metal presence. The bonding frequency of M–O might be 
overlapped by Ti–O bonding one, below 1000cm−1 (Ghasemi et al., 2009). The band at 1267 
cm-1 for 1% Cu/TiO2 is attributed to lattice vibration of titanium dioxide, which is 
characteristic of Ti-O-Metal bonds (Sajjad, 2011). The spectra of the samples were similar, 
however, slight shifts were observed due to the presence of the metal, and in the case of 1% 
Cu/TiO2 the band at 1267 cm-1 was related to metal presence.  
 
Table 3-5. Characteristic vibration frequencies in FTIR spectra of TiO2 and 1% M/TiO2 systems 
Wavenumber 
(cm-1) 
Vibration type 
Structural  
unit 
Reference 
3730-3736 -OH isolated group -OH (Vuk et al., 2005) 
3407-3430 O-H stretching frequency –OH, H2O (Choudhury & Choudhury, 2012) 
2353 CO2 from environment  CO2 (Venkov & Hadjiivanov, 2003). 
1632 H-O-H bonding vibration H2O 
(Choudhury & Choudhury, 2012) 
(Gandhi et al., 2012) 
1267 Ti-O-Metal Ti-O-Metal (Sajjad, 2011) 
636 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
424 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
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Figure 3-7. FTIR spectra for TiO2 and 1% Metal/TiO2 systems 
 
Figure 3-8 presents the Raman spectra for TiO2 and Metal/TiO2 systems. In the Raman 
spectrum of TiO2, the peaks, centering at 143, 199, 396, 514 and 636cm−1, are attributed to the 
anatase phase, while others, located at 235, 443, 608 and 826cm−1, are characteristic for the 
rutile phase (Qin et al., 2009). They correspond to the fundamental modes for these phases. 
Those peaks are also present in the Raman spectra of Metal/TiO2 materials. 
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Figure 3-8. Representative Raman spectra for (a) TiO2, (b) 1% Co/TiO2, (c) 1% Cu/TiO2, (d) 1% Mo/TiO2 
and (e) 1% Fe/TiO2 
 
In the case of Co/TiO2, two new shoulders at 680 and 480 cm-1 appeared and can be assigned 
to CoO and Co3O4 (Jongsomjit et al., 2004) species. For the 1% Cu/TiO2 sample, the band near 
293 cm-1, characteristic for CuO crystalline phase, is not observed in the spectra (Francisco & 
Mastelaro, 2002). It could be related to the fact that the peaks characteristic for anatase and 
rutile phases overlap it. For the 1% Mo/TiO2 material, the spectrum exhibited a new peak at 
950 cm-1 characteristic for Mo-oxide species supported over titania (Saih et al., 2003). It can 
be attributed to the mixture of phases based on [Mo7O24]-6 and [Mo5O17]-4 ions (Dieterle, 
2001). Finally, for 1% Fe/TiO2 no characteristic peaks of Fe2O3 have been observed. According 
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to Faria & Vena (1997), the peaks for Fe2O3 must be present at: 225, 247, 293, 299, 412, 498 
and 613 cm-1. It is very probable that the peaks related to anatase and rutile phases overlap 
those peaks due to their significantly higher intensity. The valence values for the impregnated 
metals depend on the different phases present in the M/TiO2 systems and observed with 
Raman spectroscopy or proposed by literature.  
3.3.2.3. Zero Point Charge Measurements 
The Zero Point Charge Measurements (ZPC) were carried out by mass titration method. The 
pH of the aqueous suspensions of the catalysts depends on the amount of powder in a given 
volume of water, and the suspension pH often reaches a steady-state value after addition of 
excess solid: this limiting pH can be considered as a reasonable estimate for the ZPC of the 
oxide. Typical plots of pH versus mass percentage of TiO2 and 1% M/TiO2 systems are 
presented in Figure 3-9. The pH of the aqueous suspensions of the catalysts depends on the 
amount of powder in a given volume of water. The plateaus of the mass titration curves 
correspond to the points of zero charge of the samples (DiPaola et al., 2004). 
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Figure 3-9. Plot of pH vs. the catalyst/water mass percentage 
 
Table 3-6 presents the ZPC of the titania and 1% M/TiO2 samples. One can see that, the ZPC for 
TiO2 (Degussa P25) is 6.6. The values in the range 6.25-6.6 were previously reported for 
titania P25 in the open literature (Chiou et al., 2008). In general, the ZPC value for titania have 
been calculated as the half of the sum of its acid dissociation constants: pK1=4.5 and pK2=8 
(ZPC=6.25) (Khraisheh et al., 2012).  
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Table 3-6. ZPC for TiO2 and 1% M/TiO2 systems 
Catalyst ZPC 
TiO2 6.6 
1% Co/TiO2 7.3 
1% Cu/TiO2 7.1 
1% Fe/TiO2 6.9 
1% Mo/TiO2 6.0 
 
The impregnation of titania with 1wt.% of Fe, Cu and Co lead to the shift of its ZPC to more 
basic value. It is probably related to the presence of Fe2O3, CuO and CoO, respectively, species 
characterized with less acid nature, than that of titania. On the other hand, for 1% Mo/TiO2 
the ZPC moves to a more acidic value, than that of the support, indicating a surface 
enrichment with the species characterized with an acidic behavior, such as MoO3. Similar 
observations were made by DiPaola et al. (2004). They synthetized titania (ZPC=7.1) using 
titanium hydroxide and TiCl3 as precursors and prepared 1% Co/TiO2, 1% Cu/TiO2, 1% 
Fe/TiO2 and 1% Mo/TiO2 by wet impregnation method. They reported the following values of 
ZPC: 7.7, 7.6, 7.4 and 5.8, respectively. The difference with the values obtained by DiPaola et 
al. (2004) can be attributed to the higher acidity of the bare titania employed in this study. 
 
3.3.2.4. Diffuse Reflectance Measurements 
UV-VIS Diffused Reflectance Spectra, obtained reflectance values were transformed to F(R) by 
Kubelka-Munk equation (Equation 2.7). To establish the type of band-to-band transition in the 
synthesized samples, the absorption spectra were fitted to equations for indirect band-gap 
transitions. Next, the Tauc plot: [F(R)•hv]1/2 vs. photon energy (hv) was done. Representative 
examples of UV-Vis diffuse reflectance spectra of TiO2 and 1% Mo/TiO2 systems are presented 
in Figure 3-10. Tauc plots obtained for other M/TiO2 catalysts were similar. The band gap 
value for the TiO2 and M/TiO2 systems was determined by extrapolation of the linear part of 
the plot. Results are presented in Table 3-7. The change between the band-gap value in nm 
and eV is performed by equation 2.8. 
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Figure 3-10. Tauc plot for TiO2 and 1% Mo/TiO2 
 
Table 3-7. Band gap value for TiO2 and M/TiO2 systems 
Catalyst 
Band gap 
(eV) 
Band gap 
(nm) 
TiO2 3.09 401 
1% Co/TiO2 3.05 407 
1% Cu/TiO2 3.00 413 
1% Fe/TiO2 2.85 435 
1% Mo/TiO2 2.90 428 
 
The band-gap for TiO2 Degussa P25 is found to be 3.09. This value is near the reported in the 
literature: 3.01 eV (411 nm) (Yalçi et al., 2010). One can see that the impregnation of TiO2 
with studied metals reduces its band gap, showing a slight red shift in the band gap to longer 
wavelengths (lower eV). Red shifts can be attributed to the charge-transfer transitions 
between the metal ion d electrons and the TiO2 conduction or valence band (Choi et al., 1994). 
Doping with metals generates impurity levels in the band gap of semiconductors. If these 
states lie close to the band edges they can overlap with band states and can narrow the band 
gap (Rehman et al., 2009). The following band-gaps for M/TiO2 systems have been reported in 
the literature and are resumed in Table 3-8. 
 
Table 3-8. Band-gap values for M/TiO2 systems reported at literature 
Catalyst 
Band-gap 
(eV) 
Band-gap 
(nm) 
Reference 
0.1 – 1% Co/TiO2 3.0-3.2 413-387 (Bellardita et al., 2007) 
1% Cu/TiO2 3.05 407 (Popa et al., 2010) 
1% Fe/TiO2 2.40 516 (Yalçi et al., 2010) 
1% Fe/TiO2 2.65 468 (Sidheswaran & Tavlarides, 2009) 
1% Mo/TiO2 3.00 413 (Stengl & Bakardjieva, 2010) 
 
One can see that the band-gap data presented in the open literature vary over a wide range, 
showing that the different methods employed for the estimation of the band gap have 
influence over the calculated value. Moreover, the most used method for the estimation of 
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band gap is the one proposed by Tauc (1974) and is usually recommended.  Band-gap change 
can be attributed to the presence of metal oxide species. The band-gaps for the metal oxides 
that can be present in the 1% M/TiO2 systems are summarized in Table 3-9. Figure 3-11 
compares the valence and conduction bands of TiO2 with those metal oxides. One can see that 
new energy levels can be produced within the valence and conduction bands of TiO2 by metals 
oxides. 
 Table 3-9. Band-gap for metal oxides 
Metal oxide 
Band-gap 
(eV) 
Reference 
TiO2 (anatase) 3.2 (Chen & Wang, 2012) 
CoO 2.4 (Gillen & Robertson, 2013; Greiner et al., 2012) 
Co3O4 
(CoO . Co2O3) 
2.2 (Chen & Wang, 2012) 
CuO 1.4 (Wang et al., 2011) 
Fe2O3 2.3 (Chen & Wang, 2012) 
MoO3 3.0 (Chen & Wang, 2012) 
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Figure 3-11. Band positions (top of conduction band and bottom of valence band) (Chen & Wang, 2012) 
 
The observed red shift in the studied 1% M/TiO2 systems may be due to homogeneous 
substitution of Ti4+ by metallic ions in the TiO2 lattice or the presence of segregated MxOy 
clusters (Carp et al., 2004); creating allowed energy states in the band gap of TiO2 (Figure 
3-11), which may induce photoactive transitions in the visible light, due to an excitation of an 
electron from this energy level into the TiO2 conduction band (Carp et al., 2004). The 
absorbance of 1% M/TiO2 systems in the visible region is higher than that of TiO2 due to its 
lower band-gap value.  The 1% Fe/TiO2 presents the highest red shift (8.5%). Rehman et al. 
(2009) affirmed that most significant red shift in the absorption edge was manifested by V 
and Fe ions-implanted TiO2. As stated in the section 3.1, the change in band gap was also 
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recognized by the change in color of the different materials. In this way, the lower band-gap of 
1% M/TiO2 systems and change of metal-containing materials show absorption of the part of 
the wavelength from the visible region. In this sense, Kim et al. (2004) recognize that the 
white TiO2 powder changed to yellow due to the red shift by the Fe addition.  
3.3.3. Photo-catalytic properties in phenol degradation under 
UV light (365 nm)  
Results for the photo-catalytic degradation of phenol using TiO2 and M/TiO2 systems are 
presented in Figure 3-12. After 2 h of experiment, the following order of phenol degradation 
was observed: TiO2 (89.6%) > 1% Mo/TiO2 (78.6%) > 1% Fe/TiO2 (30.1%) > 1% Cu/TiO2 
(18.6%) > 1% Co/TiO2 (11.2%).  
 
For the blank test, in the absence of catalyst, phenol can hardly be degraded in the 2 h of 
experiment (1.8%). Khraisheh et al. (2012) have performed the blank test during a time 
period over 20 h, with an initial concentration of phenol of 50 ppm and pH=6.3, the obtained 
results were similar. In dark, phenol degradation was not observed. According to Khraisheh et 
al. (2012) in absence of irradiation TiO2 powder (Degussa P25) cannot promote the oxidation 
of phenol and the adsorption of phenol is negligible in the dark. 
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Figure 3-12. Photo-degradation of phenol over TiO2 and 1% M/TiO2 systems  
(pH=5, Ci=20 ppm, Cat=0.5 g/L) – UV light 
 
According to Naeem & Ouyang (2010), the Langmuir-Hinshelwood kinetic equation is useful 
describing this type of reactions. The Langmuir–Hinshelwood kinetic model assumes rapid, 
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reversible adsorption of a reactant on the catalyst surface prior to the reaction (Khraisheh et 
al., 2012). The photo-catalytic reaction rate is given by equation 3.1, as follow:   
 
 
(3.1) 
 
Where,  is the reaction rate,  is the phenol concentration,  the time of reaction,  the 
reaction rate constant and  is the adsorption constant. When the pollutant concentration is 
very low, lower than 100 ppm (Ray et al., 2009; Kar et al., 2013), the term  is negligible 
and using , the apparent reaction rate becomes a pseudo first order reaction. In 
the case of phenol degradation using TiO2 and M/TiO2 systems, the reaction can be 
represented by equation 3.2, as proposed by other authors (Gomathi Devi et al., 2009c, 2009d; 
Tryba et al., 2006; Ghasemi et al., 2009; Barakat et al., 2005). 
 
(3.2) 
 
Phenol degradation data for TiO2 and 1% M/TiO2 systems were plotted using Eq. (3.2) with 
reasonably good fits (R2>0.90). The graph of  versus  for the experiments is 
presented in Figure 3-13. The apparent reaction rate constant (Kapp) was calculated with the 
slope of the straight line and is presented in the Table 3-10. However, it is generally assumed 
that the rate constants and orders are only apparent. They serve to describe the rate of 
degradation, and may be used for the reactor optimization, but they have not physical 
meaning, and may not be used to identify surface processes (Khraisheh et al., 2012). 
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Figure 3-13. Kinetics for phenol degradation over TiO2 and 1% M/TiO2 systems  
(pH=5, Ci=20 ppm, Cat=0.5 g/L) – UV light 
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Table 3-10. Apparent reaction rate constants for different 1% metal/TiO2 systems – UV light 
Catalyst Kapp R2 
% Degradation 
(120 min) 
 
TiO2 0.01714 ± 6.96*10-4 0.9886 89.55% 1.000 
1% Co/TiO2 0.00104 ± 7.65*10-5 0.9635 11.23% 0.061 
1% Cu/TiO2 0.00187 ± 9.47*10-5 0.9824 18.62% 0.109 
1% Fe/TiO2 0.00322 ± 1.03*10-4 0.9928 30.07% 0.188 
1% Mo/TiO2 0.01327 ± 2.05*10-4 0.9983 78.55% 0.774 
 
The degradation of phenol after 120 min of reaction and the ratio between the apparent 
reaction rate constants of M/TiO2 systems and TiO2 are presented in Table 3-10. A decrease in 
photo-activity in the case of metal ion doped TiO2 comparing with TiO2 Degussa P25 was 
observed. In this case, the dopant ions act as recombination centers of the photo-produced 
charge carriers (Khraisheh et al., 2012). The presence of dopant at a concentration level of 1% 
seems to be adequate to produce a negative influence by decreasing the density of surface-
active centers (Khraisheh et al., 2012). Doping ions act as trapping sites, they can influence the 
life time of charge carriers. They can enhance the recombination of photo-generated electrons 
and holes, and therefore reduce photo-activity either under ultraviolet or visible light (Carp et 
al., 2004). At the specified conditions, the phenol degradation reaches a value higher than 
75% for TiO2 and Mo/TiO2 systems. The photo-catalytic activity of 1% M/TiO2 systems 
decrease in the following order: 1% Mo/TiO2 > 1% Fe/TiO2 > 1% Cu/TiO2 > 1% Co/TiO2. 
 
An interpretation of reactivity order seems difficult since it is probably the net result of a 
combination of factors such as surface area, crystallinity, crystal size, band-gap energy, among 
others. Moreover, the addition of metals could be either beneficial or detrimental depending 
on whether such metals decrease the rate of electron–hole recombination or act as electron–
hole recombination centers (Khraisheh et al., 2012). In this work, the effect of crystallite size, 
lattice parameters, anatase fraction, and BET specific surface area over the activity seems to 
be negligible. However, the photo-catalytic behavior is strongly influenced by the mean pore 
size diameter and the ZPC of studied catalysts. One can see that as the mean pore size 
diameter decreases, the photo-activity decreases. This can be attributed to the pore 
obstruction by metals, observed in the case of catalysts impregnated with metals 
characterized with high ionic radius: Co, Cu and Fe. On the other hand, the ZPC represents the 
pH value at which the coverage of H+ equals the coverage of OH−. ZPC measurements take into 
account both the acidic and basic sites. The ZPC is closely related to the surface acidity of a 
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solid and its knowledge allows to evaluate the propensity of a surface to become either 
positively or negatively charged, as a function of the pH (DiPaola et al., 2004). In this study, 
the following relation between ZPC and activity was observed: the higher ZPC was, the lower 
photo-activity was detected. It follows the order of acidity proposed by Smith (1982) for 
metal oxides: MoO3>Fe2O3>CuO>CoO, as confirmed by Raman studies and data in the open 
literature. One can see a strongly relation between the metal oxide acidity and the photo-
activity.  
 
In this way, activity of the studied systems in phenol degradation strongly depends on the 
acidic sites of the catalyst. It is still too early to conclude that doping is negative for the photo-
degradation reactions. Parameters such as character and concentration of the dopant and 
reaction conditions could be the key to tune up the reactivity of doped TiO2. In this sense, for 
the photo-catalytic degradation of phenol at the studied conditions, the most promising 
system was 1% Mo/TiO2. The higher activity of 1% Mo/TiO2 compared with the other 1% 
M/TiO2 systems could be due to its smaller agglomerate size (3.5 µm), lower ZPC, the similar 
atomic ratio between Mo and Ti, the more efficient charge separation due to new energy level 
produced in the band gap of TiO2 by the presence of MoxOy phases and the Mo-donor level 
below the conduction band of TiO2, which can reduce the band gap of TiO2 (Shen et al., 2009). 
Despite the fact that the ratio between the apparent reaction rate constant of 1% Mo/TiO2 
system and TiO2 is only 0.774, the study of different molybdenum content over the titania 
surface results interesting and is presented in the section (3.3).  
3.3.4. Photo-catalytic properties in phenol degradation under 
visible light (>400 nm)  
As stated by Khraisheh et al. (2012), since the TiO2 powder is suspended in a stirred solution, 
the light intensity can affect the degree of light absorption by the catalyst surface. In this way, 
photo-activity of materials was also evaluated in visible light. Here, the experimental 
evaluation of the photo-catalytic degradation of phenol by TiO2 and M/TiO2 systems at visible 
light (VIS) is presented, following the procedure stated in Section 2.6.  
 
The effect of metal presence on photo-activity of TiO2 (Degussa P25) under visible light was 
studied. The apparent kinetics for phenol degradation was followed by determining the 
concentration of phenol at various time intervals. The results for the photo-degradation of 
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phenol (20 ppm) at pH=5 using TiO2 and 1% M/TiO2 systems is presented in Figure 3-14. A 
blank test was carried out at the same conditions without catalyst. 
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Figure 3-14. Phenol degradation by TiO2 and 1% M/TiO2 systems  
(pH=5, Ci=20 ppm, Cat=0.5 g/L) - VIS light 
 
After 2 h of experiment, in the absence of catalyst (blank test), phenol is degraded only 0.1%. 
The following order of phenol degradation using studied catalysts was found: TiO2 (11.4%) > 
1% Mo/TiO2 (11%) > 1% Co/TiO2 (6%) > 1% Cu/TiO2 (4.4%) > 1% Fe/TiO2 (3%). A first 
order reaction model (Eq. 3.2) can represent phenol degradation, with good fits (R2>0.90) 
(Figure 3-15).   
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Figure 3-15. Effect of metal impregnation on phenol degradation  
(pH=5, Ci=20 ppm, Cat=0.5 g/L) - VIS light 
 
The apparent reaction rate constant for phenol degradation by M/TiO2 systems and TiO2 and 
the ratio between them are presented in Table 3-11. A decrease in the photo-catalytic activity 
of metal containing systems compared with bare TiO2 was observed. This behavior is due to 
the fact that the metal ions act as recombination centers (Khraisheh et al., 2012), as observed 
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for UV light. The order of reaction for different metals varied compared with the results 
obtained under UV light. Under visible light, the order of degradation for Co, Cu and Fe 
impregnated materials was inverse compared with UV light (1% Fe/TiO2 < 1% Cu/TiO2 < 1% 
Co/TiO2). Reaction order and agglomerates size obtained by SEM-EDS present an inverse 
relation. It means, as agglomerates size decrease activity increase. High activity can be related 
with smaller particle size (Ahmed et al., 2011). At visible light agglomerates size effect is more 
important than ZPC and mean pore size diameter effects because the light intensity affect the 
degree of light absorption by the catalyst surface, and in this way, lower agglomerates size 
increase the effective area available for absorption. 
 
Table 3-11. Apparent reaction rate constant for different 1% M/TiO2 systems – VIS light 
Catalyst Kapp R2 
% Degradation 
(120 min) 
 
TiO2 0,00116 ± 1,24*10-4 0,9350 11,39% 1,00 
1% Co/TiO2 0,00047 ± 6,99*10-5 0,8630 6,00% 0,41 
1% Cu/TiO2 0,00032 ± 4,79*10-5 0,8618 4,42% 0,28 
1% Fe/TiO2 0,00025 ± 2,50*10-5 0,9346 3,01% 0,22 
1% Mo/TiO2 0,00086 ± 7,14*10-5 0,9603 10,98% 0,74 
 
Comparing with the other metals, molybdenum was more active one. As stated before, it is 
attributed to its smaller agglomerates size, lower ZPC, similar atomic ratio between Mo and Ti, 
the more efficient charge separation due to new energy level produced in the band gap of TiO2 
by the presence of MoxOy phases and the Mo-donor level below the conduction band of TiO2. 
Although the ratio between the apparent reaction rate constant of 1% Mo/TiO2 system and 
TiO2 is only 0.74, the study of the effect of different molybdenum content over titania photo-
activity is interesting and is presented in the following section.  
3.3.5. Conclusions 
 Under UV light, the photo-catalytic activity of 1% M/TiO2 systems decreased in the 
following order: 1% Mo/TiO2 > 1% Fe/TiO2 > 1% Cu/TiO2 > 1% Co/TiO2. The photo-
catalytic behavior was related to the mean pore size diameter and the ZPC of the 
studied catalytic systems. As the ZPC increases, the photo-activity decreases, following 
the order of acidity proposed by Smith (1982). On the other hand, as the mean pore 
size diameter decreases, the photo-activity decreases. This can be attributed to the 
Chapter 3 79 
 
pore obstruction observed in the materials impregnated with metals of high ionic 
radius: Co, Cu and Fe. 
 
 Light intensity affects the degree of light absorption by the catalyst surface. In the case 
of visible light, the order for phenol degradation employing 1% M/TiO2 systems was 
the following: TiO2 > 1% Mo/TiO2 > 1% Co/TiO2 > 1% Cu/TiO2 > 1% Fe/TiO2. Activity 
was related with the decrease in agglomerates size.  
 
 The higher activity of 1% Mo/TiO2 compared with the other 1% M/TiO2 systems could 
be due to its smaller agglomerates size, the lower ZPC, the similar atomic ratio 
between Mo and Ti, the more efficient charge separation due to new energy level 
produced in the band gap of TiO2 by the presence of MoxOy phases and the Mo-donor 
level below the conduction band of TiO2, which can reduce the band gap of TiO2. 
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3.4. Characterization of TiO2 and Mo (0.5-5 wt.%)/TiO2 
systems 
3.4.1. Introduction  
As stated above (section 3.2) TiO2 and Mo/TiO2 were selected as the most promising catalytic 
systems for phenol photo-degradation. Therefore, the series of molybdenum supported TiO2 
catalysts, containing different metal loading (0.5-5 wt.%) were prepared by wet impregnation 
method. The effect of molybdenum content on thermal, textural, morphological and physico-
chemical properties of TiO2 was analyzed using: TG-DTA-MS, XRD, AAS, BET, ZPC, DR, SEM-
EDS, FTIR and Raman spectroscopy. Finally, their photo-catalytic activity in phenol 
degradation over visible light was evaluated.  
3.4.2. Physical, chemical and morphological properties  
After impregnation, the color of the materials changed, depending on the molybdenum 
content, as presented in Figure 3-16. The color varies from light yellow for 0.5% Mo/TiO2 to 
light blue for 5% Mo/TiO2. According to Stengl & Bakardjieva (2010) the pale bluish-green 
color of Mo-doped titania can indicate that at least a part of Mo is present as Mo5+. In the case 
of molybdenum doping, it has been shown that Mo5+ and Mo6+ can coexist simultaneously 
during illumination (Gratzel & Howe, 1990). In that sense, the color of the material can give an 
idea of the metal oxides that can be present in Mo/TiO2 systems. 
 
Figure 3-16. Color change for the Mo/TiO2 systems.  
From left to right: 0.5, 1, 2, 3 and 5% wt. 
 
Table 3-12. Results Summary for Mo/TiO2 systems 
Catalyst 
BET 
(m²/g) 
Mean pore 
size diameter 
(nm) 
Real metal 
content (%) 
Band gap 
(eV) 
ZPC 
TiO2 57.0 37.5 - 3.09 6.6 
0.5% Mo/TiO2 56.5 36.0 0.52 2.90 7.1 
1% Mo/TiO2 56.1 37.6 0.99 2.90 6.0 
2% Mo/TiO2 55.1 38.1 2.02 2.85 4.3 
3% Mo/TiO2 53.0 29.1 3,01 2.91 3.1 
5% Mo/TiO2 51.0 28.6 5,02 2.95 2.5 
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BET, AAS, SEM-EDS, FTIR, Raman spectroscopy, ZPC and Diffuse Reflectance for the different 
Mo/TiO2 systems were performed in order to understand the photo-catalytic behavior of 
these materials. Results are summarized in Table 3-12. As Molybdenum content increases, 
BET of the studied samples decreases (Figure 3-17) with a linear tendency. The specific 
surface area measured for 5% Mo/TiO2 is ca. 10% lower than that of TiO2. On the other hand, 
mean pore size diameter observed for the catalysts containing higher Mo loading is 
significantly lower than that of TiO2 (23.7% for the 5% Mo/TiO2)). In general, the surface area 
of the support material decreases with increasing quantity of the active component until the 
monolayer coverage with the active component is completed (Reddy & Padmanabha, 1994). 
This is primarily due to the penetration of the active component into the pores of the support 
during the preparation step itself, which in turn results in a high dispersion of the active 
component on the support (Reddy & Padmanabha, 1994). The theoretical monolayer capacity 
of MoO3 on TiO2 has been reported as 0.16 wt.% per m2 of support surface while for TiO2 
Degussa P25 it has been estimated as 0.12% (Reddy & Padmanabha, 1994). In this way, the 
theoretical monolayer capacity of MoO3 over studied TiO2 Degussa P25 (57 m2/g) can be 
approximated to 4.8%.  
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However, the real molybdenum loading needed to cover titania surface with a single 
monolayer can be lower than the theoretical value.  As indicated by Ng & Gulari (1985), they 
used TiO2 Degussa P25 and observed a 0.6 monolayer for 3% Mo/TiO2, complete monolayer 
coverage for 4.6% Mo/TiO2 and 3 monolayers for 15% Mo/TiO2. In this work, a 0.4 monalayer 
for 2% Mo/TiO2 was observed. Complete monolayer is reached at 4.8% Mo. The reduction in 
mean pore size diameter can be attributed the pore blockage due to the presence of the 
monolayer. The molybdate anions bind to the titania surface very strongly and uniformly until 
monolayer coverage is reached (Ng & Gulari, 1985b). It is possible that the redistribution of 
the molybdate anions is hindered during the calcination process by pore blockage which leads 
to the formation of MoO3 crystallites (Ng & Gulari, 1985b). According to AAS studies, the real 
metal content was very close to the nominal one. 
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Molybdenum impregnation reduces the band gap of TiO2 Degussa P25 showing a slight red 
shift in the band gap to longer wavelengths. This behavior has been reported previously 
(Stengl & Bakardjieva, 2010). The effect of Molybdenum content in ZPC is presented in Figure 
3-18. ZPC decreases with the increasing amount of impregnated Mo, due to the enrichment of 
TiO2 surface with acidic species such as MoO3. One can observe that near the complete 
monolayer value (4.8%), the ZPC value is stabilized. 
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Figure 3-17. Effect of molybdenum content over 
BET surface area 
0 1 2 3 4 5
2
3
4
5
6
7
Z
P
C
Mo (%)
 
Figure 3-18. ZPC for different Mo content 
 
Figure 3-19 present the XRD spectra for the Mo/TiO2 systems. Anatase and rutile phases are 
present in all materials. No clear metal reflections for Mo or molybdenum oxides were 
observed even for the heaviest molybdenum impregnated TiO2. Similar results were obtained 
by Shen et al. (2009) and by Stengl & Bakardjieva (2010) when they prepared Mo/TiO2 by sol-
gel and thermal hydrolysis methods, respectively. This behavior can be attributed to small 
metal quantity (Zhu et al., 2010), uniformly degree of distribution over the TiO2 (Chun et al., 
2004) or incorporation of Mo into the TiO2 structure (Stengl & Bakardjieva, 2010). 
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Figure 3-19. XRD patterns for the catalysts a) TiO2 b) 0.5% Mo/TiO2 c) 1% Mo/TiO2 d) 2% Mo/TiO2 e) 3% 
Mo/TiO2 and f) 5% Mo/TiO2 
 
 
Table 3-13. Crystal size, lattice parameters and anatase to rutile ratio results 
Catalyst dhkl a=b c 
Cell 
volume 
Crystallite 
size 
(nm) 
Anatase 
Fraction 
Anatase to  
rutile 
ratio 
 
TiO2 3,5 3,8 9,8 140,4 20,7 84,95% 5,6 
0.5% Mo/TiO2 3,5 3,8 9,4 134,6 20,0 84,8% 5,6 
1% Mo/TiO2 3,5 3,8 9,4 133,8 20,6 83,7% 5,1 
2% Mo/TiO2 3,5 3,8 9,8 141,9 21,0 84,5% 5,5 
3% Mo/TiO2 3,5 3,8 9,5 137,1 21,4 87,9% 7,3 
5% Mo/TiO2 3,5 3,8 9,6 138,3 21,7 89,4% 8,4 
 
Table 3-13 summarizes XRD results. It was observed a negligible effect of molybdenum 
content over the lattice parameters: dhkl, a and b. The parameter c and cell volume slightly 
decrease with molybdenum impregnation. According to Vegard’s law, if dopant enters the 
titania lattice, ‘‘Change in the unit cell dimension should be linear with change in the 
composition.” If the observed change in the lattice parameter is the elongation of the ‘c’ axis 
with increase in the dopant concentration then the possibility of substitutional incorporation 
of the dopants could be confirmed (Gomathi Devi et al., 2009a). Additionally, if the ion enter 
the TiO2 lattice the cell volume should increase (Gomathi Devi et al., 2009a). In this study such 
changes were not observed, showing that Mo is not incorporated into the lattice, it is present 
on the catalyst surface. The crystallite size of the catalysts increases with molybdenum 
content, this can be due to the effect of sintering (Kemp & McIntyre, 2006) or to the formation 
of M–O–Ti bonds (Gomathi Devi et al., 2009a). Anatase fraction and anatase to rutile ratio 
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were higher for the samples containing higher metal loading (3% and 5% Mo). It means that 
higher molybdenum content inhibit the anatase-to-rutile transformation. Kemp & McIntyre 
(2006) also reported an increase in anatase to rutile ratio with increasing molybdenum 
content; they suggest that doping the TiO2 with molybdenum hinders the anatase-to-rutile 
transformation.  
 
Figure 3-20 presents the SEM images of the Mo/TiO2 materials at a magnification of 2500 and 
10000. It can be noted that agglomerates size decreased after Mo impregnation in the 
following order: TiO2 (30 µm)> 5% Mo/TiO2 (6.5 µm)> 3% Mo/TiO2 (6 µm)> 1% Mo/TiO2 (4 
µm)< 2% Mo/TiO2 (3.5 µm) > 0.5% Mo/TiO2 (3 µm). 
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Figure 3-20. SEM micrographs of (a) TiO2, (b) 0.5% Mo/TiO2, (c) 1% Mo/TiO2, (d) 2% Mo/TiO2, (e) 3% Mo/TiO2 and (f) 5% Mo/TiO2  
 Magnification x2500 and x10000 
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Similar tendency have also been observed by Gomathi Devi & Narasimha Murthy (2008) and 
can be caused the change of particle surface charge due to the molybdenum presence. SEM 
micrographs did not reveal significant differences in the morphology of TiO2 and metal 
loaded TiO2. The presence of Molybdenum was confirmed by EDS measurements as 
presented in Figure 3-21. SEM-EDS images are present in Figure 3-22 for titania and different 
Mo content. The figures show uniform distribution of Molybdenum ions on the TiO2 surface. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 3-21. Characteristics X-ray spectra for  (a) TiO2, (b) 0.5% Mo/TiO2, (c) 1% Mo/TiO2, (d) 
2%Mo/TiO2, (e) 3% Mo/TiO2 and (f) 5% Mo/TiO2  
Magnification x2500 
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(f) 
Figure 3-22. SEM-EDS images for (a) TiO2, (b) 0.5% Mo/TiO2, (c) 1% Mo/TiO2, (d) 2% Mo/TiO2, (e) 
3%Mo/TiO2 and (f) 5% Mo/ TiO2  
Magnification x2500 
 
The FTIR spectra of the Molybdenum/TiO2 series are presented in Figure 3-23 and 
summarized in Table 3-14. The new band at 1250 cm-1 for 3% Mo/TiO2 sample is attributed 
to lattice vibration of titanium dioxide, characteristic for Ti-O-Metal bonds (Sajjad, 2011). In 
the range 700-1100 cm-1 (Figure 3-24), for the materials with higher Mo content (3% and 
5%), a new band appears at 960 cm-1, this band is associated with í(Mo-O) stretching mode of 
MoO3 (Silim, 2005). 
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Table 3-14. Characteristic vibration frequencies in FTIR spectra of TiO2 and Mo/TiO2 systems 
Wavenumber 
(cm-1) 
Vibration type Structural unit Reference 
3730-3735 -OH isolated group -OH (Vuk et al., 2005) 
3434-3480 O-H stretching frequency –OH, H2O (Choudhury & Choudhury, 2012) 
2353 adsorbed CO2 CO2 (Venkov & Hadjiivanov, 2003). 
1632 H-O-H bonding vibration H2O 
(Choudhury & Choudhury, 2012) 
(Gandhi et al., 2012) 
1250 Ti-O-Metal Ti-O-Metal (Sajjad, 2011) 
960 í(Mo-O) Mo-O (Silim, 2005) 
636 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
424 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
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Figure 3-23. FTIR spectrum for TiO2 and Mo/TiO2 
systems 
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Figure 3-24. FTIR spectrum for TiO2 and Mo/TiO2 
systems (1100 cm-1 – 700 cm-1) 
 
The Raman spectra for Mo/TiO2 systems are presented in Figure 3-25. Integral intensity of 
the band related to the MoxOy phase increases with the increase in the amount of the % 
weight of deposited Mo (Figure 3-26). The position of Raman bands related to MoxOy is 
shifted to the higher intensities as the increase in the Mo content is observed (Figure 3-27). 
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Figure 3-25. Representative Raman spectra for (a) TiO2, (b) 0.5% Mo/TiO2, (c) 1% Mo/TiO2, 
(d)2%Mo/TiO2, (e) 3% Mo/TiO2 and (f) 5% Mo/TiO2 
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Figure 3-26. Dependence of the normalized 
intensity of the band characteristic for MoxOy fase 
in the function of % weight of Mo deposited in TiO2 
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Figure 3-27. Correlation of Raman bands position 
(characterized for MoxOy) in function of weight % 
of deposited Mo 
 
One can see that if low amount of Mo is deposited, samples are characterized with the 
dominant presence of structures based on [Mo7O24]-6 ion (0.5% Mo/TiO2), or the mixture of 
phases based on [Mo7O24]-6 and [Mo5O17]-4 ions (1% Mo/TiO2). The increase in the amount of 
Mo lead to the increase in the amount of the phases based on [Mo5O17]-4, however its higher 
amount let to obtain also phases based on [Mo7O24]-6 (2% Mo/TiO2). For 2% Mo/TiO2, the 
Raman band at 985 cm-1 is attributed to terminal Mo-O vibrations of Mo4O11 (Dieterle, 2001). 
Further increase in the amount of Mo (3% Mo/TiO2) results in formation of additional phases 
based on [Mo8O26]4-, or structures based on double cell [Mo5O17]-4, therefore [Mo10O34]-8. For 
the highest impregnated amount of molybdenum (5% Mo/TiO2), the new peaks at 820 cm-1 
(νs Mo=O strech) and 996 cm-1 (ναs Mo=O strech) which are characteristic for MoO3, confirm 
its presence (Ng & Gulari, 1985a; Dieterle, 2001). The phases present in Mo/TiO2 materials 
and their respective peak frequencies are presented in Table 3-15. 
 
 
Table 3-15. Raman Peak Frequencies for MoxOy species  
 Wavenumber (cm-1) 
Referencia 
 801-900 901-1000 
MoO3 820 996 (Ng & Gulari, 1985a) 
Mo4O11 835, 843 907, 985 (Dieterle, 2001) 
[Mo7O24]6- 893 908, 919, 938 (Dieterle, 2001) 
[Mo5O17]-4 893 922, 930, 935, 948 (Dieterle, 2001) 
[Mo8O26]-4 889 911, 932, 951, 965 (Dieterle, 2001) 
[Mo10O34]-8  909, 969 (Dieterle, 2001) 
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3.4.3. Photo-catalytic properties in phenol degradation under 
UV light (365 nm) 
Photo-catalytic tests were carried out in the conditions described previously (Section 2.6). 
Results for the photo-degradation of phenol by TiO2 and Mo/TiO2 systems are presented in 
Figure 3-28. The order for phenol degradation was the following: 2% Mo/TiO2 (96.2%) > 
TiO2 (89.6%) > 1% Mo/TiO2 (78.6%) > 3% Mo/TiO2 (72.3%) > 0.5% Mo/TiO2 (50.9%) > 
5%Mo/TiO2 (37.41%). 
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Figure 3-28. Photo-degradation of phenol over TiO2 and Mo/TiO2 systems  
(pH=5, Ci=20 ppm, Cat=0.5 g/L) – UV light 
 
The pseudo first order model was employed to describe the kinetics of the reaction. The 
graph of  versus  for the experiments is presented in Figure 3-29. The apparent 
reaction rate constants (Kapp), are calculated with the slope of the straight line and presented 
in the Table 3-16.  
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Figure 3-29. Kinetics for phenol degradation over 
TiO2 and Mo/TiO2 systems  
(pH=5, Ci=20 ppm, Cat=0.5 g/L) – UV light 
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Figure 3-30. Effect of molybdenum content – UV 
light 
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Table 3-16. Apparent reaction rate constants for different Mo/TiO2 systems – UV light 
Catalyst Kapp R2 
% 
Degradation 
(120 min)  
TiO2 0.01714 ± 6.96*10-4 0,9886 89,55% 1,00 
0.5% Mo/TiO2 0.00602 ± 7.03*10-5 0,9991 50,91% 0,35 
1% Mo/TiO2 0.01327 ± 2.05*10-4 0,9983 78,55% 0,77 
2% Mo/TiO2 0.0273 ± 6.49*10-4 0,9961 96,15% 1,59 
3% Mo/TiO2 0.01015 ± 3.45*10-4 0,9920 72,27% 0,59 
5% Mo/TiO2 0.00362 ± 2.24*10-4 0,9738 37,41% 0,21 
 
Figure 3-30 presents the apparent reaction rate constant for different molybdenum contents. 
After 2 hours of reaction, the degradation of phenol varies between 37.4% for the 5% 
Mo/TiO2 catalyst and 96.2% for 2% Mo/TiO2. The increase in anatase content has a negative 
influence in the photo-activity of the materials. At the studied conditions, Kapp reaches its 
maximum value for 2% Mo/TiO2 catalyst. Therefore, this metal charge is considered as the 
optimum one. The ratio between the apparent reaction rate constant of 2% Mo/TiO2 and 
TiO2 is 1.6 for the studied conditions, showing higher photo-activity for the Mo containing 
catalyst. The higher activity of 2% Mo/TiO2 system can be attributed to the synergetic effect 
between relatively high BET specific surface area, higher mean pore size diameter, low 
agglomerates size, lower band gap and ZPC. According to Stengl & Bakardjieva (2010), if the 
molybdenum concentration is increased beyond 1 atom%, the influence of adsorption can 
become predominant and both adsorption and photo-degradation increases. Additionally, as 
the concentration of the dopant increases, the space-charge region can become narrower; the 
electron–hole pairs within the region are efficiently separated by the large electric field 
before recombination. On the other hand, if the concentration of doping is high, the space-
charge region becomes very narrow and the penetration depth of light into TiO2 greatly 
exceeds the space-charge layer. The recombination of photo-generated electron–hole pairs in 
the semiconductor therefore increases, because there is no driving force to separate them 
(Carp et al., 2004). The optimum concentration of dopant ions makes the thickness of space 
charge layer substantially equal to the light penetration depth and in this case is 2% Mo. 
Other authors have found an optimum content for molybdenum impregnation. According to 
literature, the optimum content of molybdenum depends on the pollutant to be degraded. In 
the photo-catalytic degradation of Orange II in UV light, 1.38% Mo/TiO2 was selected as the 
best molybdenum content (Stengl & Bakardjieva, 2010). 6% Mo/TiO2 presents the highest 
activity for thiophene conversion (Spojakina et al., 2005). For the photo-degradation of 
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methyl orange at UV light the optimum molybdenum content was 1% (Yang et al., 2004). 
0.06% Mo/TiO2 is considered the optimum content for the degradation of Tebuconazole 
pesticide (Gomathi Devi & Narasimha Murthy, 2008) and chlorpyrifos (Gomathi Devi et al., 
2009d) at UV light. For the photo-oxidative degradation of poly(vinyl chloride) the 0.3% 
Mo/TiO2 sample is reported as the optimum material (Kemp & McIntyre, 2006). In the case of 
4-Nitrophenol degradation 1% Mo was reported as the optimum content (DiPaola et al., 
2002). 
 
In this work, the higher activity of 2% Mo/TiO2 system is due to the effective separation of 
charge carriers (Stengl & Bakardjieva, 2010) and the synergetic effect between BET specific 
surface area, mean pore size diameter, agglomerates size, band gap and ZPC. The 
experimental design for TiO2 and the selected modified material (2% Mo/TiO2) was 
performed and is presented in the next section. 
3.4.4. Photo-catalytic properties in phenol degradation under 
Visible light (>400 nm) 
The photo-degradation of phenol (20 ppm) at pH=5 using TiO2 and Mo/TiO2 systems was 
carried out in the conditions described previously (Section 2.6). Results are presented in 
Figure 3-31. The following order of phenol degradation alter 2 h was observed: 2% Mo/TiO2 
(14.3%) > TiO2 (11.4%) > 1% Mo/ TiO2 (11%) > 3%Mo/TiO2 (4.6%) > 5% Mo/ TiO2 (3.9%) > 
0.5% Mo/ TiO2 (2.9%).  
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Figure 3-31. Phenol degradation by TiO2 and Mo/TiO2 systems 
(pH=5, Ci=20 ppm, Cat=0.5 g/L) - VIS light 
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The pseudo first order model was employed to describe the reaction (Figure 3-32). The 
apparent reaction rate constants (Kapp) were calculated with the slope of the straight line 
(Table 3-17). Figure 3-33 presents the value of Kaap for different molybdenum contents. A 
maximum is observed for the 2% Mo/TiO2 material. As suggested by (Rehman et al., 2009), 
with an increase in ion implantation the visible light efficiency increased but excess metal 
implantation covered the surface of the titania and lowered the activity. This is because 
molybdenum species can actively trap and transfer both photo-generated electrons and holes 
to the surface of titania at lower level of doping. At higher concentration these ions serve as 
recombination centers leading to lower visible light activity (Rehman et al., 2009). 
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Figure 3-32. Photo-degradation of phenol over TiO2 
and Mo/TiO2 systems  
(pH=5, Ci=20 ppm, Cat=0.5g/L) – VIS light 
 
Figure 3-33. Effect of molybdenum content – VIS 
light 
 
 
 
Table 3-17. Apparent reaction rate constant for different Mo/TiO2 systems – VIS light 
Catalyst Kapp R2 
% 
Degradation 
(120 min)  
TiO2 0,00116 ± 1,24*10-4 0,9350 11,4% 1,00 
0.5% Mo/TiO2 0,00032 ± 2,92*10-5 0,9430 2,9% 0,28 
1% Mo/TiO2 0,00086 ± 7,14*10-5 0,9603 11,0% 0,74 
2% Mo/TiO2 0,00114 ± 1,39*10-4 0,9046 14,3% 0,98 
3% Mo/TiO2 0,00039 ± 4,99*10-5 0,8938 4,6% 0,33 
5% Mo/TiO2 0,00031 ± 1,80*10-5 0,9766 3,9% 0,27 
 
The optimum molybdenum amount strongly depends on the pollutant to be degraded. The 
1.38% Mo/TiO2 was selected as the best molybdenum content for the photo-catalytic 
degradation of Orange II in VIS light (Stengl & Bakardjieva, 2010). The 0.72% Mo/TiO2 
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presents higher activity in methylene blue degradation while the 0.36% Mo/TiO2 is more 
active for sulfosalicylic acid photo-degradation (Shen et al., 2009). The 0.06% Mo/TiO2 is 
considered the optimum content for the degradation of amaranth dye (Gomathi Devi et al., 
2009a), Imidachloprid (Gomathi Devi et al., 2009b), synthetic dyes like Methyl Orange, p-
amino azo benzene, Congo Red, Brilliant Yellow, Rhodamine-B and Methylene Blue (Gomathi 
Devi et al., 2009c) and chlorpyrifos (Gomathi Devi et al., 2009d) under solar light. 
 
The ratio between the apparent reaction rate constant of 2%Mo/TiO2 and TiO2 is 0.98 for the 
studied conditions, showing similar photo-activity for both materials. As stated in Section 
3.4.2, the higher activity of 2% Mo/TiO2 system compared with other M/TiO2 systems, is due 
to the effective separation of charge carriers and the synergetic effect between agglomerates 
size, BET specific surface area, mean pore size diameter, band gap and ZPC. In the following 
section, the experimental design for TiO2 and 2% Mo/TiO2 was performed in order to know 
the operation conditions that maximize the photo-activity. 
3.4.5. Conclusions 
 The observed change in color of studied materials depends on the molybdenum 
content and varies from light yellow for 0.5% Mo/TiO2 to light blue for 5% Mo/TiO2. 
The theoretical monolayer capacity of MoO3 over TiO2 Degussa P25 (57 m2/g) has 
been calculated as 4.8%. However, experimentally, it can be less. The presence of 
molybdenum with a good distribution was confirmed by SEM-EDS measurements. 
Agglomerates size of TiO2 decreased after Mo impregnation. Molybdenum 
impregnation reduces the band gap of TiO2 Degussa P25 showing a slight red shift in 
the band gap to longer wavelengths. ZPC decreases with the increasing amount of 
impregnated Mo, due to the enrichment of TiO2 surface with acidic species such as 
MoO3. 
 
 Integral intensity of the band related to the MoxOy phase increases with the increase 
in the amount of the % weight of deposited Mo, as confirmed by Raman spectroscopy. 
The position of Raman bands related to MoxOy was shifted to the higher intensities as 
the increase in the Mo content. Different phases were present according to the 
Molybdenum content: [Mo7O24]-6 for 0.5% Mo, mixture of phases based on [Mo7O24]-6 
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and [Mo5O17]-4 for 1% Mo, Mo4O11, an additional [Mo8O26]4- phase for 2% Mo, 
[Mo10O34]-8 for 3% Mo and/or MoO3 for 5% Mo. 
 
 Under visible light, the following order for phenol degradation when Mo/TiO2 
systems were used was observed: 2% Mo/TiO2 > TiO2 > 1% Mo/TiO2 > 3%Mo/TiO2 > 
5% Mo/TiO2 > 0.5% Mo/TiO2. Reduction on agglomerate size for 2% Mo/TiO2 system 
compared with TiO2 increased photo-activity due to the higher number of particles 
able for the reaction. 
 
 The higher activity of 2% Mo/TiO2 system was attributed to the effective separation 
of carriers and the synergetic effect between BET specific surface area, mean pore 
size diameter, agglomerates size, band gap and ZPC. 
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3.5. Phenol photo-degradation under UV light (365 nm) 
– reaction optimization 
3.5.1. Introduction  
TiO2 and 2% Mo/TiO2 were selected as the most promising catalytic systems for phenol 
photo-degradation. Now, an experimental design is proposed for optimization. Thus, the 
response surface methodology (RSM), a statistical technique, was chosen to establish 
relationships between several independent variables and one or more dependent ones. The 
RSM technique let to optimize multiple variables by the systematic variation of all variables 
in a well-designed experiment with a minimum number of them (Gil-Pavas et al., 2009). A 
Box-Behken experimental design (BBD) was performed in order to optimize the process. 
Statgraphics was used to program and analyze the experiments. 
 
3.5.2. Results for the experimental design 
Results for the fifteen tests are present in Table 3-18 in the case of TiO2 and in Table 3-19 in 
the case of 2% Mo/TiO2. The ratio between the apparent reaction rate constant of 2% 
Mo/TiO2 and TiO2 is presented in Table 3-19. It can be observed that for some conditions the 
2% Mo/TiO2 is more efficient than the pure TiO2. The apparent reaction rate constant (Kapp) 
for 2% Mo/TiO2 can be even 4 times higher than that for titania (pH=4.5, Ci=50 ppm, Cat=0.1 
g/L). The Standardized Pareto Chart (Figure 3-34) was prepared in order to know the factors 
and interactions that are important for the mentioned ratio (Kapp 2% Mo/TiO2 / Kapp TiO2). It is 
observed that the most relevant interaction is CC (pH) one.  
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Table 3-18. Results for the BBD - TiO2 – UV light 
Exp. 
Catalyst 
loading 
(g/L)  
Initial 
concentration 
of phenol 
(ppm) 
pH 
% deg 
(120 min) 
Kapp  R2 
1 0,4 30 4,5 27,8 0,00299 ± 3,29*10-4 0,932 
2 0,1 30 8 19,6 0,00266 ± 2,57*10-4 0,946 
3 0,7 50 4,5 32,2 0,00416 ± 9,54*10-4 0,997 
4 0,7 30 1 23,8 0,0030 ± 4,86*10-4 0,998 
5 0,4 10 8 80,9 0,01454 ± 0,00189 0,906 
6 0,1 30 1 8,8 0,00104 ± 2,69*10-4 0,996 
7 0,4 50 8 42,1 0,00629 ± 1,20*10-4 0,998 
8 0,4 10 1 42,3 0,00603 ± 4,07*10-4 0,999 
9 0,7 30 8 37,9 0,00486 ± 2,30*10-4 0,987 
10 0,1 50 4,5 6,2 5,12*10-4 ± 2,25*10-4 0,411 
11 0,1 10 4,5 17,3 0,00189 ± 1,42*10-4 0,967 
12 0,4 50 1 13,0 0,00138 ± 1,86*10-4 0,900 
13 0,7 10 4,5 68,2 0,01272 ± 0,002 0,888 
14 0,4 30 4,5 34,7 0,00404 ± 3,90*10-4 0,946 
15 0,4 30 4,5 29,3 0,00289 ± 5,04*10-4 0,842 
 
Table 3-19. Results for the BBD - 2% Mo/TiO2 – UV light 
Exp. 
Catalyst 
loading 
(g/L) 
Initial 
concentration 
of phenol 
(ppm) 
pH 
% deg 
(120 
min) 
Kapp R2 
 
1 0,4 30 4,5 37,9 0,00495 ± 1,95*10-4 0,991 1,66 
2 0,1 30 8 16,1 0,00181 ± 8,28*10-5 0,988 0,68 
3 0,7 50 4,5 51,1 0,00764 ± 1,90*10-4 0,996 1,84 
4 0,7 30 1 2,2 1,67*10-4 ±8,95*10-5 0,294 0,06 
5 0,4 10 8 71,7 0,01206 ± 1,0910-3 0,953 0,83 
6 0,1 30 1 5,2 4,45*10-4 ±8,33*10-5 0,821 0,43 
7 0,4 50 8 18,1 0,00218 ± 1,07*10-4 0,986 0,35 
8 0,4 10 1 12,4 0,0015 ± 5,28E*10-5 0,993 0,25 
9 0,7 30 8 66,6 0,01118 ± 6,37*10-4 0,981 2,30 
10 0,1 50 4,5 17,8 0,00213 ± 5,58*10-5 0,996 4,16 
11 0,1 10 4,5 22,4 0,00257 ± 1,47*10-4 0,981 1,36 
12 0,4 50 1 4,7 3,72*10-4 ±9,43*10-5 0,708 0,27 
13 0,7 10 4,5 78,1 0,01621 ± 5,09*10-4 0,994 1,27 
14 0,4 30 4,5 43,1 0,00586 ± 2,93*10-4 0,985 1,45 
15 0,4 30 4,5 42,8 0,00568 ± 5,63*10-4 0,944 1,97 
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Figure 3-34. Standardized Pareto Chart for the ratio between the apparent reaction rate constants – UV 
light 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-35. Contours for the estimated response surface – UV light 
 
The contours of the estimated response surface for the ratio between the apparent reaction 
constant of 2% Mo/TiO2 and TiO2 at different initial phenol concentrations is presented in 
Figure 3-35. The contours provide insights into the regions where it is estimated that the 
modified catalyst is better than the pure titania. The presented contours are part of a 
methodology used previously for the analysis of pervaporation membrane reactors (López-
Zamora et al., 2013). Carp et al. (200 4) proposed that the ability of the electrons and holes 
to induce redox chemistry can be controlled by changes in the pH. As observed in the 
contours of Figure 3-35, Kapp strongly depends on pH. In this study, it can be applied for the 
selection of the best material for determined conditions of the wastewaters. Industrial 
effluents may be basic or acidic, in that way the contour plots can be used to select when 2% 
Mo/TiO2 is expected to be better than TiO2. For low phenol concentration (Figure 3-35a), the 
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Kapp value for the 2% Mo/TiO2 can be 2-2.5 times higher than TiO2 when pH>4 and catalyst 
loading > 0.6 g/L. For intermediate phenol concentration (Figure 3-35b), Kapp value for 2% 
Mo/TiO2 can be 2-2.5 higher than titania Kapp when 3< pH < 6, for catalyst loading < 0.2 g/L 
or when 4.3<pH< 7 for catalyst loading > 0.65 g/L. In the case of high phenol concentration 
(Figure 3-35c), molybdenum impregnated catalyst reach a Kapp value between 3-3.5 higher 
than titania Kapp when 3<pH<5.6 and catalyst loading <0.15 g/L. In general, using the 
molybdenum impregnated catalyst in the intermediate ranges of pH, it could be possible to 
obtain better photo-activity than employing titania. In acidic conditions it can be expected 
that TiO2 present higher photo-activity and in alkaline conditions both materials are 
estimated to have a similar degradation efficiency. When the pH increases, the active 
hydroxyl groups on the TiO2 surface increase. Consequently, a faster generation of ·OH 
radicals accelerates the phenol oxidation. At lower pH, photo-catalytic degradation of phenol 
can increase because of an increase in adsorption. The adsorption of phenol onto TiO2 is not 
limited near neutral pH (Ray et al., 2009). In the case of 2% Mo/TiO2, the better activity in the 
intermediate pH compared with TiO2 can be due to its lower ZPC value compared with TiO2. 
At intermediate pH, near to its isoelectric point, the surface of 2% Mo/TiO2 is negatively 
charged while the phenol adsorption is at its maximum. High activity under alkaline 
conditions was also obtained by Khraisheh et al. (2012) employing sol-gel synthetized TiO2.  
3.5.3. TiO2 – Experimental Design 
From the results presented in Table 3-18, the highest degradation of phenol using TiO2 was 
80.9% at pH=8, initial concentration of phenol of 10 ppm and a catalyst loading of 0.4 g/L. 
The statistical analysis was based on the analysis of variance (ANOVA), Pareto diagram, Box-
Benhken response surface plot and the variation coefficients. The analysis of variance 
(ANOVA) for the TiO2 experiments is present in Table 3-20. The ANOVA analysis was done in 
order to quantify the response of the experimental design. The information includes the 
obtained average value of the response variables, the value of the 3 principal effects and the 6 
effects of the interaction between 2 factors. ANOVA is useful to determine which factors are 
significant for the experiment. The confidence value in this case is 95%, in this sense, factors 
with a p-value lower than 0.05 are statistically important over the response variable.  
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Table 3-20. ANOVA results – TiO2 - UV Light 
Factor Square sum 
Freedom 
degrees 
Square average F ratio P value 
A:Cat 0,0000434219 1 0,0000434219 7,88 0,0377 
B:Ci 0,0000651968 1 0,0000651968 11,83 0,0185 
C:pH 0,0000357013 1 0,0000357013 6,48 0,0516 
AA 0,00000651251 1 0,00000651251 1,18 0,3267 
AB 0,0000128953 1 0,0000128953 2,34 0,1867 
AC 1,44*10-8 1 1,44*10-8 0,00 0,9612 
BB 0,0000298209 1 0,0000298209 5,41 0,0676 
BC 0,00000324 1 0,00000324 0,59 0,4779 
CC 0,00000306713 1 0,00000306713 0,56 0,4893 
Total Error 0,0000275664 5 0,00000551329   
Total (corr.) 0,000229151 14    
R2 87.97%     
 
The Standardized Pareto Chart (Figure 3-36) is a practical method to identify the factors and 
interactions that are significant for the studied response variable. The horizontal bars 
surpassing the vertical line indicate that those factors and interactions significantly affect the 
apparent reaction rate constant. The vertical line corresponds to the T value in the T student 
distribution, with a 95% confidence and for 5 freedom degrees. Next, this value is compared 
to the values of each effect and interaction of analyzed factor. The comparison defines the 
statistical significance of each factor in the analyzed process (Gil-Pavas et al., 2009). 
 
 
Figure 3-36. Standardized Pareto chart – TiO2 - UV light  
 
From the results presented in Table 3-20 and Figure 3-36, the relevant factors for phenol 
degradation using TiO2 and UV light are: B (initial concentration of phenol) and A (catalyst 
loading). These factors are characterized with a p-value lower than 0.05, which implies that 
they have a truthfully effect on phenol degradation by TiO2, with a confidence interval of 95% 
(Gil-Pavas et al., 2009). As stated in Section 1.5.2, the increase in the initial concentration of 
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phenol results in different irradiation time necessary to complete photo-degradation and 
higher requirement of reactive species. An excessively high concentration of phenol saturates 
the TiO2 surface and can produce catalyst deactivation. In the case of catalyst loading (Section 
1.5.3), photo-catalytic activity increases as catalyst loading increases, until an optimum value 
is reached. The experimental results were adjusted to the equation (3.3), the constants for 
the model are presented in Table 3-21. The value of the variation coefficient (R2) indicates 
that the model explains 87.97% the variability in Kapp. 
 
 (3.3) 
 
 
  
Minimum 
value 
Maximum 
value 
Catalyst loading 
 
0.1 0.7 
Initial phenol concentration  10 50 
pH  1 8 
 
 
Table 3-21. Estimated coefficients for the model – TiO2 – UV light 
Constant C1 0,00208243 
A:Cat C2 0,0282914 
B:Ci C3 -0,000391468 
C:pH C4 0,000296816 
AA C5 -0,0147565 
AB C6 -0,00029925 
AC C7 0,0000571429 
BB C8 0,00000710479 
BC C9 -0,0000128571 
CC C10 0,0000744014 
 
Figure 3-37 presents the Box-Benhken response surface plot for TiO2 obtained from Eq. 3.3, 
at initial concentration of phenol of 10 and 50 ppm. Figure 3-38 presents the effect of the 
experimental factors over the apparent reaction rate constant. Figure 3-39 presents the 
contours for the estimated response surface in phenol degradation by TiO2. 
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Figure 3-37. Response Surface for TiO2 – UV light 
(Ci=10 and 50 ppm) 
 
 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-38. Effect of experimental factors– TiO2 - UV light 
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(a) 
 
(b) 
 
(c) 
Figure 3-39. Contours for the estimated response surface – TiO2 – UV light  
 
According to the response surface (Figure 3-37) and the effects of experimental factors 
(Figure 3-38a and Figure 3-38b), for low initial concentration of phenol the apparent 
reaction rate constant increases as both pH and catalyst loading increases. It is observed that 
the reaction is more efficient under alkaline conditions (Figure 3-38c). The degradation of 
phenol is directly proportional to the pH of the medium but inversely proportional to the 
initial concentration of phenol (Figure 3-38c and Figure 3-38a). One possible explanation is 
that at high phenol concentrations competition for active sites of the catalyst is greater than 
that at the lower concentration. In the case of catalyst loading, the highest value gives the 
maximized apparent reaction rate constant, although in some conditions, like high initial 
phenol concentration it can be found an optimum value for the catalyst loading (Figure 
3-38b). In addition, loss of photons due to absorption by the substrate molecule could also 
contribute to the lower photo-catalytic rate at the higher phenol concentrations (Ray et al., 
2009).  As observed in the contours, for low phenol concentration (Figure 3-39a), Kapp can be 
maximized by high values of pH and catalyst loading >0.6 g/L. Intermediate phenol 
concentration shows that for catalyst loading > 0.5 g/L, Kapp can be high (Figure 3-39b). 
Finally, for the highest phenol concentration, Kapp is maximized at high pH (>7.5) and 
intermediate values of catalyst loading (0.3 g/L < Cat < 0.63 g/L) (Figure 3-39c). This is due 
to the light scattering and screening effects (Section 1.5.2 and 1.5.3).  The pH value of phenol 
solution has a significant influence on the photo-catalytic process for a variety of reasons, 
including the catalyst surface charge state and the dissociation of phenol. Depending on the 
pH, TiO2 catalyst surface present the following charge: 
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Therefore, as pH decrease below the ZPC, the surface of TiO2 shows a net positive charge. The 
negative charged surface dominates as pH increases above ZPC. Considering the value of 
dissociation constant for phenol (pKa = 9.95), one can see that it can exist in the molecular 
form in a neutral and weakly basic solutions. On the other hand, basic pH values favor the 
dissociation of phenol into phenoxide ion C6H5O-. At a low pH the molecule of phenol is non-
dissociated (neutral) (Khraisheh et al., 2012). Therefore, the highest activity in phenol photo-
degradation can be achieved at alkaline pH(<9.95), at which phenol can exist in the molecular 
form and catalysts surface will be negative charged. In these conditions, the electrostatic 
interactions will be favored. In this way, if pH is higher than ZPC (6.6), therefore the catalyst 
surface is negatively charged, in this case, cationic electron donors and electron acceptors are 
favored for photo-catalytic activity. 
 
The conditions that maximized the apparent reaction rate constant of reaction are obtained 
by the evaluation of the Eq. (3.3) using Matlab, and are presented in the Table 3-22. 
 
Table 3-22. Optimum conditions – TiO2 – UV light 
Initial concentration of phenol (Ci phenol) 10 ppm 
pH 8 
Catalyst loading 0.7 g/L 
 
Alkaline conditions (pH=8) maximized the degradation rate. It could be related to the 
increase in OH radicals concentration; at higher pH values more hydroxyl radicals which are 
beneficial for phenol degradation are provided (Khraisheh et al., 2012). The lowest initial 
phenol concentration is responsible for the maximized photo-degradation, higher phenol 
concentrations lead to a decrease in the apparent reaction rate constant within the same time 
period. The main reactions occur on the surface of the solid photo-catalyst and at a high 
initial concentration all catalytic sites are occupied. Further increase in the concentration can 
provide excess reactant and also limits the adsorption of reaction intermediate on the 
reactive surface. This prohibits the penetration of light reaching the surface and 
consequently less ·OH is formed resulting in a decrease of the observed rate constant 
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(Khraisheh et al., 2012). Finally, at a concentration of 0.7 g/L of TiO2, there are sufficient 
reactive sites for the reactant molecules, however, a further increase in the concentration 
may prohibit the penetration of light and has cost implications in the photo-catalytic process 
(Khraisheh et al., 2012). According to Sobczyński et al. (2004), raising the photo-catalyst 
amount above 3 g/L, the rate is constant owing to light scattering on TiO2 particles, which 
increases with concentration of the solid.  
 
Different medium pH values for phenol degradation using TiO2 have been reported in the 
literature. Khraisheh et al. (2012) used 1 g/L of sol-gel synthetized TiO2 with an initial 
concentration of phenol of 50 ppm and reported the optimum at pH=6.3, which is near to the 
ZPC. Akbal & Onar (2003) informed an optimum pH=5.0 employing 0.1 and 0.2% w/w TiO2 
and Ci=100 ppm. Chiou et al. (2008) stated the optimum value as pH=7.4 when they 
employed 1 g/L TiO2 and Ci=0.51 mM. The BBD was employed by Ray et al. (2009) for the 
photo-catalytic degradation of phenol in UV light employing TiO2 (anatase phase) and 
evaluating titania size and concentration, dissolved oxygen (DO) concentration and phenol 
concentration. The response variable was phenol degradation rate. A larger apparent 
degradation was observed with a TiO2 particle size set at 10 nm (the middle setting) and a 
TiO2 concentration of 0.5 g/L. One can see that higher degradation rates were correlated with 
higher DO levels. At low phenol concentration, the degradation was faster than at higher 
concentrations. The largest degradation rate was recorded at 40 ppm of phenol with 0.5 g/l 
of the 10 nm TiO2 catalyst and at a DO level of 31.0mg/l. The optimum conditions according 
to the model, with a maximum response (apparent degradation rate) value was recorded at 
40 ppm of phenol using a TiO2 particle size of 9.091 nm together with 1.0 g/L TiO2 and 31.0 
mg/L DO.  
3.5.4. 2% Mo/TiO2 – Experimental Design 
From results presented in Table 3-19, the highest degradation of phenol employing 2% 
Mo/TiO2 was 78.1% at pH=4.5, an initial concentration of phenol of 10 ppm and 0.7 g/L of 
catalyst loading. The statistical analysis was based on the analysis of variance (ANOVA), 
Pareto diagram, Box-Benhken response surface plot and the variation coefficients. The 
analysis of variance (ANOVA) for the experiments with 2% Mo/TiO2 is present in Table 3-23. 
The Standardized Pareto Chart is presented in Figure 3-40.  
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Table 3-23. ANOVA results – 2% Mo/TiO2 - UV Light 
Factor Square sum 
Freedom 
degrees 
Square average F ratio P value 
A:Cat 0,0000997013 1 0,0000997013 36,63 0,0018 
B:Ci 0,00005009 1 0,00005009 18,40 0,0078 
C:pH 0,0000765456 1 0,0000765456 28,12 0,0032 
AA 9,47856E-7 1 9,47856E-7 0,35 0,5808 
AB 0,0000165242 1 0,0000165242 6,07 0,0570 
AC 0,000023271 1 0,000023271 8,55 0,0329 
BB 0,00000474954 1 0,00000474954 1,75 0,2437 
BC 0,0000191494 1 0,0000191494 7,04 0,0453 
CC 0,0000250144 1 0,0000250144 9,19 0,0290 
Error total 0,0000136089 5 0,00000272178   
Total (corr.) 0,000331915 14    
R2 95,91%,     
 
 
Figure 3-40. Standardized Pareto chart – 2% Mo/TiO2 - UV light 
 
According to Table 3-23 and Figure 3-40, in the case of 2% Mo/TiO2 at UV light, the factors 
and interactions that are more relevant for the photo-catalytic process are: A (catalyst 
loading), C (pH), B (initial concentration of phenol), CC (pH), AC (catalyst loading – pH), BC 
(initial concentration of phenol -  pH). Positive effects are generated by the interaction AC 
(catalyst loading – pH) while the interaction BC (initial concentration of phenol -  pH) has 
negative influence.  As considered in Section 1.5.2, the initial concentration of pollutant 
affects the irradiation time and the higher requirement of reactive species. As explained in 
Section 1.5.3, there is an optimum in the catalyst loading, photo-activity increase until this 
value is reached, after that value turbidity inhibit the pass of light. Finally, as described in 
Section 1.5.5, the pH of the solution affects the adsorption of the pollutant molecules, the 
charge on the catalyst particles and size of catalyst agglomerates. The model proposed in Eq. 
(3.3) can also be applied for the 2% Mo/TiO2 catalyst. Respective constants are present in 
Table 3-24. The value of the variation coefficient (R2) indicates that the model explains 
95.91% the variability in Kapp. Figure 3-41 present the response surface obtained from the 
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model and Figure 3-42 shows the effect of the different experimental factors on Kapp. Figure 
3-43 presents the contours for the estimated response surface in phenol degradation by 2% 
Mo/TiO2. 
 
Table 3-24. Estimated coefficients for the model – 2% Mo/TiO2 – UV light 
Constant C1 -0,00443388 
A:Cat C2 0,00708915 
B:Ci C3 -1,908E-05 
C:pH C4 0,00281493 
AA C5 0,00562963 
AB C6 -0,00033875 
AC C7 0,00229714 
BB C8 2,8354E-06 
BC C9 -3,1257E-05 
CC C10 -0,00021248 
 
  
Figure 3-41. Response Surface for 2% Mo/TiO2  – UV light 
(Ci=10 and 50 ppm) 
 
As observed in Figure 3-41 and Figure 3-42a, the initial concentration of phenol is inversely 
proportional to Kapp, as Ci increase the value of Kapp decrease. Phenol degradation is directly 
proportional to pH and catalyst loading (Figure 3-42b and Figure 3-42c); their increase 
provides an increase in the Kapp value. However, for high initial concentration of phenol there 
exists an optimum value of the pH (Figure 3-42c). 
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(a)  
(b) 
 
(c) 
Figure 3-42. Effect of experimental factors– 2% Mo/TiO2 - UV light 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-43. Contours for the estimated response surface – 2% Mo/TiO2 – UV light 
 
According to the contours, for low phenol concentration (Figure 3-43a), high pH and high 
catalyst loading let the highest Kapp value. At the intermediate value of initial concentration of 
phenol (Figure 3-43b), higher Kapp value can be obtained for high catalyst loading and pH > 7. 
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For the highest phenol concentration evaluated in the experimental design (Figure 3-43c), 
pH>6 and high catalyst loading provide higher degradation rate. The effect of initial phenol 
and catalyst loading can be explained by the light scattering and screening effects (Section 
1.5.2 and 1.5.3). The effect of medium pH is based on the adsorption of the pollutant 
molecules, the charge on the catalyst particles and size of catalyst agglomerates (Section 
1.5.5). The conditions able to maximize the apparent reaction rate constant for 2% MoTiO2, 
obtained by the evaluation of Eq. (3.3) employing Matlab are presented in Table 3-25. 
Obtained conditions are similar to those of pure titania (Table 3-22). 
 
Table 3-25. Optimum conditions – 2% Mo/TiO2 – UV light 
Initial concentration of phenol 10 ppm 
pH 8 
Catalyst loading 0.7 g/L 
 
Reaction is better under alkaline conditions (pH=8). As explained for titania, high pH 
provides more hydroxyl radicals which are beneficial for phenol degradation (Khraisheh et 
al., 2012). The lowest concentration of phenol maximized the Kapp value because an excess 
phenol concentration increases the concentration of reaction intimidates to be treated, which 
in turn also compete with the phenol for the reactive sites on the catalyst surface (Khraisheh 
et al., 2012). The highest amount of catalyst (0.7 g/L) provides sufficient reactive sites for the 
reactant molecules. As far as we know, degradation of phenol by Mo/TiO2 has not been 
reported at literature. Experiments at optimum conditions (TiO2: Table 3-22 and 2% 
Mo/TiO2: Table 3-25) were carried out for 3 hours in order to evaluate the kinetics of the 
reaction. Results are present in the following section. 
3.5.5. Kinetic studies at optimized conditions  
The optimal operating conditions for the photo-catalytic degradation were found by a 
response surface methodology. The photo-catalytic tests at optimum conditions (TiO2: Table 
3-22 and 2% Mo/TiO2: Table 3-25) were performed as described in chapter 2 (Section 2.6).  
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Figure 3-44. Photo-catalytic degradation of phenol – UV light 
 
Results for the photo-catalytic degradation of phenol at optimum conditions are presented in 
Figure 3-44. Langmuir-Hinshelwood model (Eq. 3.1) is able to describe the kinetics of both 
reactions as presented in Figure 3-45. The kinetics parameters are summarized in Table  
3-26. The parity graph shows a good correlation between the experimental and calculated 
values (R2>0.85). 
 
Table 3-26. Results for the kinetic parameters– UV light 
 TiO2 2% Mo/TiO2 
% Deg (120 min) 100% 100% 
 
0.2322 1.4874 
 
0.3698 0.2205 
 0.0858 0.3280 
R2 0.9997 0.9965 
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Figure 3-45. Langmuir-Hinshelwood kinetics for 
TiO2 and 2% Mo/TiO2 - UV light 
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Figure 3-46. Parity graph – UV light 
 
As observed in Table 3-26, for TiO2, reaction constant is higher than adsorption constant. In a 
similar way, according to Peiró et al. (2001) for phenol (2-100 ppm, pH=3) degradation 
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employing TiO2 (1.5 g/L - Degussa P25), the reaction constant (kr) is 0.5270 mg/(L*min) and 
the adsorption constant (K) is 0.1881 L/mg (K*kr=0.0991), being higher the reaction 
constant. In the other hand, Sobczyński et al. (2004) evaluated phenol (5-20 ppm) 
degradation by TiO2 (0.3 g/L – Anatase). They obtained a reaction constant (kr) of 0.1389 
mg/(L*min) while the adsorption constant (K) was 0.3039 L/mg (K*kr=0.0422), in this case 
adsorption constant was higher. The numeric difference with our results can be due to the 
different experimental conditions and employed catalysts.  
 
In general, kinetics of the phenol degradation reaction is reported to follow a pseudo-first 
order type obtained by the simplification of Langmuir-Hinshelwood model as presented in 
Eq. 3.2. The use of TiO2 (0.2 g/L - Anatase) for phenol (20 ppm) degradation in UV light, was 
considered by Tryba et al. (2006). They obtained a Kapp value of 0.00168 min-1. The use of 
TiO2 (0.4 g/L - Sigma, Aldrich) for phenol (50 ppm) degradation in UV light, was also 
reported by Kar et al. (2013) they reported the value of apparent reaction rate constant as 
0.00288 min-1. For 2% Mo/TiO2, adsorption constant was higher than reaction constant. As 
far as we know, the use of Mo/TiO2 for phenol degradation has not been reported previously.  
However, for chlorpyrifos degradation in UV light, Gomathi Devi et al. (2009b) reported a 
two stage first order reaction with an apparent reaction rate constant of 0.022 min-1 for the 
first stage and 0.036 for the second one. 
 
Comparing with titania, the parameter related to chemical species adsorption  was 6.4 
times higher for 2% Mo/TiO2, while the reaction constant was 1.7 times higher for pure 
titania. The photo-catalytic activity is related to adsorption changes of the studied compound 
(Araña et al., 2007). In this case the adsorption changes are related to the presence of 
molybdenum. In photo-catalytic processes, the proximity between adsorption and photo-
active centers also determines reaction rate. As adsorption seems to be specific, different 
molecules can adsorb at different centers. In fact, degradation depends on the molecule 
interaction as determined by its functional groups. This suggests that the photo-catalytic 
behavior of contaminants with similar functional groups may not be easily predicted. Certain 
adsorbates can interact with active centers such as hydroxyl groups or bridging oxygen on 
catalyst surface, resulting in a different catalytic activity (Araña et al., 2007). 
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3.5.6. Conclusions 
 A Box-Behken experimental design (BBD) was performed in order to optimize the 
process. Relevant factors for phenol degradation using TiO2 and UV light were: initial 
concentration of phenol and catalyst loading. When 2% Mo/TiO2 was employed, the 
following factors and their interactions were more relevant for the photo-catalytic 
process: catalyst loading, pH, initial concentration of phenol, catalyst loading–pH and 
initial concentration of phenol- pH. 
 
 High activity under alkaline conditions was obtained due to the higher amount of 
active hydroxyl groups on the TiO2 surface. Better photo-activity at low phenol 
concentration was due to the fact that an excessively high concentration of phenol 
saturates the TiO2 surface and can produce catalyst deactivation. Photo-catalytic 
activity increased as catalyst loading increased. 
 
 The following conditions maximized the apparent reaction rate constant employing 
TiO2 and 2% Mo/TiO2: pH=8, Ci=10 ppm, Cat=0.7 g/L. For the reaction at optimum 
conditions Langmuir-Hinshelwood model describes the kinetics of both materials 
with a good correlation. For 2% Mo/TiO2, adsorption was more strongly than for 
TiO2. The 2% Mo/TiO2 reached the complete degradation after 78 min of reaction, 
while TiO2 after 102 min. 
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3.6. Phenol photo-degradation under Visible light  
(>400 nm) – reaction optimization  
3.6.1. Introduction 
As stated in section 3.4, 2% Mo/TiO2 was selected as the most promising catalytic systems 
for phenol photo-degradation. The experimental design under visible light is proposed. The 
response surface methodology (RSM) was applied in order to optimize the experimental 
conditions. The Box-Behken experimental design (BBD) was performed. The reaction was 
carried out for 2 h. Several parameters were evaluated, including: pH, catalysts loading and 
initial phenol concentration. The response variables were: apparent reaction rate and 
degradation percentage.  Statgraphics was used to program and analyze the experiments. 
3.6.2. Results for the experimental design 
Results for the fifteen tests are present in Table 3-27 for TiO2 and in Table 3-28 for 2% 
Mo/TiO2.  
 
Table 3-27. Results for the BBD - TiO2 – VIS light 
Exp. 
Catalyst 
loading 
(g/L)  
Initial 
concentration 
of phenol 
(ppm) 
pH 
% deg 
(120 min) 
Kapp  R2 
1 0,4 30 4,5 0,0 0 ± 0 0,00 
2 0,1 30 8 0,0 0 ± 0 0,00 
3 0,7 50 4,5 18,0 0,00169 ± 5,5195*10-5 0,99 
4 0,7 30 1 0,0 0 ± 0 0,00 
5 0,4 10 8 15,2 0,00136 ± 3,8656*10-5 0,99 
6 0,1 30 1 0,0 0 ± 0 0,00 
7 0,4 50 8 2,8 0,00033 ± 3,9592*10-5 0,91 
8 0,4 10 1 6,4 0,00055 ± 4,9038*10-5 0,95 
9 0,7 30 8 14,3 0,00146 ± 9,9268*10-5 0,97 
10 0,1 50 4,5 4,2 0,00030 ± 4,1285*10-5 0,88 
11 0,1 10 4,5 6,9 0,00056 ± 3,6568*10-5 0,97 
12 0,4 50 1 0,0 0 ± 0 0,00 
13 0,7 10 4,5 15,9 0,00153 ± 5,6584*10-5 0,99 
14 0,4 30 4,5 0,0 0 ± 0 0,00 
15 0,4 30 4,5 0,0 0 ± 0 0,00 
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The ratio between the apparent reaction rate constant of 2% Mo/TiO2 and TiO2 is presented 
in Table 3-28. When the apparent reaction rate constant for TiO2 was zero, the value of 3 for 
the ratio was selected in order to avoid an infinite value. The Standardized Pareto Chart 
(Figure 3-47) is used to understand the factors and interactions that are important for the 
ratio. All factors are relevant: A (Cat), C(pH) and B(Ci), while the most relevant interactions 
are: BB (Ci), CC(pH) and AC (Cat-pH). The influence of pH is related to the catalyst surface 
charge and the dissociation of phenol, the importance of catalyst loading is associated to 
active sites and turbidity and the impact of initial phenol concentration is connected with 
adsorption and reactive species requirement. Those factors can have a synergetic effect on 
the ratio.  
 
Table 3-28. Results for the BBD – 2% Mo/TiO2 – VIS light 
Exp. 
Catalyst 
loading 
(g/L) 
Initial 
concentration 
of phenol 
(ppm) 
pH 
% deg 
(120 min) 
Kapp R2 
 
1 0,4 30 4,5 6,8 0,00059 ± 2,1383*10-5 0,99 3 
2 0,1 30 8 5,1 0,00054 ± 5,4979*10-5 0,93 3 
3 0,7 50 4,5 3,2 0,00026 ± 3,1257*10-5 0,91 0,1540 
4 0,7 30 1 3,2 0,00026 ± 1,6914*10-5 0,97 3 
5 0,4 10 8 5,3 0,00045 ± 2,8296*10-5 0,97 0,3316 
6 0,1 30 1 10,1 0,00088 ± 5,7168*10-5 0,97 3 
7 0,4 50 8 0,0 0 ± 0 - 0 
8 0,4 10 1 5,6 0,00049 ± 4,0055*10-5 0,96 0,8960 
9 0,7 30 8 4,1 0,00032 ± 2,9623*10-5 0,94 0,2176 
10 0,1 50 4,5 4,6 0,00045 ± 2,9390*10-5 0,97 1,4726 
11 0,1 10 4,5 13,4 0,00128 ± 1,4201*10-4 0,92 2,2853 
12 0,4 50 1 0,0 0 ± 0 - 0 
13 0,7 10 4,5 15,5 0,00112 ± 1,5470*10-4 0,88 0,7320 
14 0,4 30 4,5 2,6 0,00030 ± 4,1407*10-5 0,88 3 
15 0,4 30 4,5 7,5 0,00068 ± 4,2331*10-5 0,97 3 
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Figure 3-47. Standardized Pareto Chart for the ratio between the apparent reaction rate constants – VIS 
light 
 
Figure 3-48 present the contours for the estimated response surface in the case of the ratio 
between the apparent reaction rate constant of 2% Mo/TiO2 and TiO2 at different initial 
phenol concentrations. In the regions where ratio is higher than 1, it is expected that 2% 
Mo/TiO2 has better photo-activity than TiO2. The white regions are not suitable for reaction.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-48. Contours for the estimated response surface of ratio – VIS light 
 
In the case of low phenol concentration (Figure 3-48a), the value of Kapp for 2% Mo/TiO2 
system can be 2-2.5 times higher than TiO2 when 2.8<pH<6.8 and catalyst loading lower than 
0.18 g/L. At intermediated initial concentration of phenol (Figure 3-48b), it is expected a very 
low Kapp value for TiO2 (Kapp0) when pH<4, and in the region where 2.5<ratio<4. A Kapp 
value for 2% Mo/TiO2 between 2 and 2.5 times higher than Kapp for titania is expected for 
pH>4 and Cat>0.25g/L. At high phenol concentration (Figure 3-48c), the Kapp value for 2% 
Mo/TiO2 is expected to be 1.5-2 times higher than Kapp for TiO2 when 4.8<pH<6.2 and 
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Cat<0.11 g/L. In general, at low catalyst loading, 2% Mo/TiO2 is expected to be better than 
titania for the photo-degradation of phenol. The amount of catalyst used is related to cost 
effectiveness. It is important to find the optimal amount catalyst mass for the system. A low 
mass of catalyst requires an extension of light exposure and hydraulic retention time which 
increases the cost effectiveness. On the other hand, an excessive amount of catalyst has cost 
implications and potential to reduce photo-activity due to increased turbidity of the 
suspension (Khraisheh et al., 2012). 
3.6.3. TiO2 – Experimental design 
The analysis of variance (ANOVA) for the TiO2 experiments is present in Table 3-29. The 
Standardized Pareto Chart is presented in Figure 3-49. According to ANOVA and the 
Standardized Pareto chart, the factors and interactions that are more relevant for the photo-
catalytic process are: A(Cat), BB(Ci), C(pH), AA(Cat) and AC (Cat-pH). 
 
Table 3-29. ANOVA results – TiO2 - VIS Light 
Factor Square sum 
Freedom 
degrees 
Square average F ratio P value 
A:Cat 0,0000018207 1 0,0000018207 23,50 0,0047 
B:Ci 3,50536E-7 1 3,50536E-7 4,52 0,0867 
C:pH 8,46359E-7 1 8,46359E-7 10,93 0,0214 
AA 6,28429E-7 1 6,28429E-7 8,11 0,0359 
AB 4,34076E-8 1 4,34076E-8 0,56 0,4878 
AC 5,329E-7 1 5,329E-7 6,88 0,0469 
BB 0,00000136637 1 0,00000136637 17,64 0,0085 
BC 5,68608E-8 1 5,68608E-8 0,73 0,4307 
CC 8,34919E-9 1 8,34919E-9 0,11 0,7560 
Error total 3,87347E-7 5 7,74693E-8  
Total (corr.) 0,00000595556 14  
R2 93.5%  
 
Figure 3-49.  Standardized Pareto chart – TiO2 - VIS light 
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Higher catalytic activity, at lower concentration of pollutant, (see also  Section 1.5.2) can be 
related to higher irradiation time needed for its total degradation. The existence of an 
optimum for catalysts loading (Section 1.5.3) is associated with the fact that turbidity inhibits 
the pass of light. The effect of pH (Section 1.5.5) is connected with the adsorption of the 
pollutant molecules, the charge on the catalyst particles and size of catalyst agglomerates. 
The model proposed in Eq. (3.3) is applied to describe the experimental design. The 
constants are present in Figure 3-45. The value of the variation coefficient (R2) indicates that 
the model explains 93.5% the variability in Kapp. Figure 3-50 present the response surface 
obtained from the model. Figure 3-51 shows the effects of the different experimental 
parameters and in Figure 3-52 the contours for the estimated response surface can be 
observed. 
 
Table 3-30. Estimated coefficients for the model – TiO2 – VIS light 
Constant C1 0,00188738 
A:Cat C2 -0,00416208 
B:Ci C3 -0,000101 
C:pH C4 3,9918E-05 
AA C5 0,00458392 
AB C6 1,7362E-05 
AC C7 0,00034762 
BB C8 1,5208E-06 
BC C9 -1,7033E-06 
CC C10 -3,8818E-06 
 
  
Figure 3-50. Response Surface for TiO2 – VIS light 
(Ci=10 and 50 ppm) 
 
In Figure 3-50 and Figure 3-51a, it is observed that the initial concentration of phenol is 
inversely proportional to Kapp until a minimum is reached. As occurs in UV light, phenol 
degradation is directly proportional to pH and catalyst loading (Figure 3-51b and c). 
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According to the contours, for the different phenol concentrations (Figure 3-52a, b and c) 
high Kapp value can be obtained by high pH and high catalyst loading.  
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-51. Effect of experimental factors– TiO2 - VIS light 
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(c) 
Figure 3-52. Contours for the estimated response surface – TiO2 – VIS light 
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The conditions able to maximize the apparent reaction rate constant for TiO2 were obtained 
by the evaluation of Eq. (3.3) in Matlab and are presented in Table 3-31. Optimum conditions 
are similar to those of UV light. 
 
Table 3-31. Optimum conditions – TiO2 – VIS light 
Initial concentration of phenol (Ci phenol) 10 ppm 
pH 8 
Catalyst loading 0.7 g/L 
3.6.4. 2% Mo/TiO2 – Experimental design 
The analysis of variance (ANOVA) for the experiments with 2% Mo/TiO2 is present in Table 
3-32. The Standardized Pareto Chart is presented in Figure 3-53. 
 
Table 3-32. ANOVA results – 2% Mo/TiO2 - VIS Light 
Factor Square sum 
Freedom 
degrees 
Square average F ratio P value 
A:Cat 1,79314E-7 1 1,79314E-7 4,81 0,0799 
B:Ci 8,69247E-7 1 8,69247E-7 23,30 0,0048 
C:pH 1,29533E-8 1 1,29533E-8 0,35 0,5813 
AA 2,47768E-7 1 2,47768E-7 6,64 0,0496 
AB 1,75165E-10 1 1,75165E-10 0,00 0,9480 
AC 4,08161E-8 1 4,08161E-8 1,09 0,3435 
BB 6,96537E-11 1 6,96537E-11 0,00 0,9672 
BC 4,47534E-10 1 4,47534E-10 0,01 0,9170 
CC 2,92994E-7 1 2,92994E-7 7,85 0,0379 
Error total 1,86551E-7 5 3,73103E-8 
 Total (corr.) 0,00000187521 14 
 
R2 90,05%  
 
 
Figure 3-53. Standardized Pareto chart – 2% Mo/TiO2 - VIS light 
 
As observed in Table 3-32 and Figure 3-53, the more relevant factors and interactions for the 
photo-catalytic degradation of phenol in VIS light employing 2% Mo/TiO2 are: B(Ci), CC(pH) 
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and AA(Cat). The model proposed in Eq. (3.3) is applied for the 2% Mo/TiO2 catalyst. 
Constants are summarized in Table 3-33. The model explains 90.05% the variability in Kapp. 
According with the model, Figure 3-54 presents the response surface; in Figure 3-55 the 
effect of the different experimental factors on Kapp is observed and in Figure 3-56 the 
contours for the estimated response surface in phenol degradation by 2% Mo/TiO2 are 
shown. 
 
Table 3-33. Estimated coefficients for the model – 2% Mo/TiO2 – VIS light 
Constant C1 0,0014333 
A:Cat C2 -0,00320149 
B:Ci C3 -1,6069E-05 
C:pH C4 0,00015245 
AA C5 0,00287827 
AB C6 -1,1029E-06 
AC C7 9,6205E-05 
BB C8 -1,09E-08 
BC C9 1,51E-07 
CC C10 -2,2996E-05 
 
  
Figure 3-54. Response Surface for 2% Mo/TiO2 – VIS light 
(Ci=10 and 50 ppm) 
 
As observed in Figure 3-54 and Figure 3-55a, the initial concentration of phenol is inversely 
proportional to Kapp. According to Figure 3-54 and Figure 3-55b, Kapp decrease as catalyst 
loading increase and finally, as presented in Figure 3-54 and Figure 3-55c, there exist an 
optimum value of pH where the value of Kapp is maximized. 
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(a) 
 
(b) 
 
(c) 
Figure 3-55. Effect of experimental factors– 2% Mo/TiO2 - VIS light 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 3-56. Contours for the estimated response surface – 2% Mo/TiO2 – VIS light 
 
The contours present in Figure 3-56 show that for low phenol concentration, the highest Kapp 
value is obtained by low catalyst loading (<0.14 g/L) and 2<pH<5.2. For intermediate phenol 
concentration (Figure 3-56b), high Kapp is reached for pH<6 and Cat<0.18 g/L. In the case of 
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high phenol concentration (Figure 3-56b), the activity is high when 3<pH<4.6 and Cat<0.11 
g/L. In general, when 2% Mo/TiO2 is employed, high activity is reached for low catalyst 
loading and intermediate pH values. When the model (Eq. 3.3) is evaluated employing 
Matlab, the conditions that maximize the apparent reaction rate constant are obtained and 
are presented in Table 3-34. The conditions differ from the values obtained for TiO2 and for 
2% Mo/TiO2 in UV light. 
 
Table 3-34. Optimum conditions – 2% Mo/TiO2 – VIS light 
Initial concentration of phenol 10 ppm 
pH 3.5714 
Catalyst loading 0.1 g/L 
 
In Visible light, the reaction is better under acidic conditions. As the light intensity is lower, 
the degree of light absorption by the catalyst surface is reduced (Khraisheh et al., 2012), in 
this way, lower pH can increase the adsorption (Ray et al., 2009). For the lowest phenol 
concentration Kapp value is higher because, as stated previously, an excess phenol 
concentration increases the concentration of reaction intimidates to be treated, competing 
with the phenol for the reactive sites on the catalyst surface (Khraisheh et al., 2012). The 
lowest catalyst loading (0.1 g/L) is able to provide enough reactive sites for the reactant 
molecules. As far as we know, degradation of phenol in VIS light by Mo/TiO2 has not been 
reported at literature. However, the degradation synthetic dyes like Methyl Orange, p-amino 
azo benzene, Congo Red, Brilliant Yellow, Rhodamine-B and Methylene Blue under solar light 
were carried out using TiO2 doped with Mo6+ ions. The rate constant for the degradation of 
anionic dyes was high at pH 5.6, while for cationic dyes the highest rate constant was 
obtained in the alkaline pH 8.0 (Gomathi Devi et al., 2009c). In order to evaluate the kinetics 
of the reaction at VIS light, the experiments at optimum conditions (TiO2: Table 3-31 and 2% 
Mo/TiO2: Table 3-34) were carried out for 5 hours. Results are present in the following 
section. 
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3.6.5. Kinetic studies at optimized conditions  
The photo-catalytic tests at optimum conditions (TiO2: Table 3-31 and 2% Mo/TiO2: Table 
3-34) were performed as described in chapter 2 (Section 2.6). Results are present in 
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Figure 3-57. After 5 hours of reaction, phenol degradation by TiO2 was 35.2% and employing 
2% Mo/TiO2 was 33.7%. This implies a similar degradation rate for both materials.  
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Figure 3-57. Photo-catalytic degradation of phenol – VIS light 
 
In this case, the kinetics are described by an n order reaction (Eq. 3.4) as presented in Figure 
3-58. The kinetic parameters are summarized in Table 3-35. As shown in the parity graph, 
the model can represent the experimental data with a good correlation. 
 
(3.4) 
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Table 3-35. Results for the kinetic parameters– VIS light 
 TiO2 2% Mo/TiO2 
% Deg (120 min) 35.15 33.66 
 4.7502*10
-5 4.5247*10-5 
 2.5 2.5 
R2 0.9727 0.9947 
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Figure 3-58. n-order kinetics for TiO2 and 2% 
Mo/TiO2 - VIS light 
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Figure 3-59. Parity graph – VIS light 
 
The reaction order is a 2.5. The apparent reaction rate constant for TiO2 is only 1.05 times 
higher than Kapp for 2% Mo/TiO2, however in the case of the modified material, 7 times lower 
catalyst amount was employed. In literature, photo-catalytic degradation of phenol is 
reported to follow as a first order type model. Ahmed et al. (2010) reported a Kapp value of 
0.004945 min-1 for phenol degradation by TiO2 in solar light irradiation. Mo/TiO2 has not 
been used for phenol degradation in visible light. Nevertheless, in the case of synthetic dyes 
like Methyl Orange (MO), p-amino azo benzene (PAAB), Congo Red (CR), Brilliant Yellow 
(BY), Rhodamine-B (RB) and Methylene Blue (MB) under solar light, the 0.06% Mo/TiO2 had 
an apparent constant varying between 0.0009 and 0.0077 min-1 (Gomathi Devi et al., 2009c). 
Gomathi Devi et al. (2009b) reported a two stage first order reaction for chlorpyrifos 
degradation by 0.06% Mo/TiO2 in solar light with an apparent constant of 0.026 min-1 for the 
first stage and 0.060 min-1for the second stage. In this way, the Kapp value varies according to 
the pollutant and metal loading. 
3.6.6. Conclusions 
 At low catalyst loading, 2% Mo/TiO2 present higher photo-activity than titania for 
phenol degradation.  
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 The following conditions were found as crucial for phenol degradation under visible 
light, when TiO2 was used as catalyst: Cat, Ci, pH, Cat and Cat-pH. The conditions able 
to maximize the apparent reaction rate constant for TiO2 were similar to those 
determined under UV light (pH=8, Cat=0.7 g/L, Ci=10 ppm).  
 
 When 2% Mo/TiO2 was used as catalyst, the following conditions affecting the photo-
catalytic degradation of phenol were found as the most relevant: Ci, pH and Cat. The 
conditions that let to maximize the apparent reaction rate constant differ from those 
observed for the reaction performed at UV light: Ci=10 ppm, pH=3.57, Cat=0.1 g/L.  
 
 In Visible light, the reaction is more efficient under acidic conditions. As the light 
intensity is lower, the degree of light absorption by the catalyst surface is reduced. In 
this way, lower pH can increase the adsorption of pollutant as catalyst surface. At 
optimum conditions, a similar order of reaction was obtained for both materials. 
However, in the case of 2%Mo/TiO2, the catalyst loading needed was 7 times lower. 
   
 An n=2.5 order reaction can describe the kinetics for TiO2 and 2% Mo/TiO2 under 
visible light with a good correlation. The reaction constants for both materials are 
similar (TiO2: Kapp = 4.75*10-5, 2% Mo/TiO2: Kapp = 4.52 *10-5).  
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3.7. Catalyst reutilization  
3.7.1. Introduction 
The optimized conditions for TiO2 and 2% Mo/TiO2 were selected for phenol degradation in 
the previous section (section 3.4 ). Here, the reuse of catalyst at optimized conditions is 
proposed. The photo-catalysts after reaction at optimum conditions were recovered by 
filtration, next dried (100°C) and employed in a new reaction at optimum conditions. The 
reaction was carried out with for 3 h. under UV light or 5 h under visible light. FTIR and 
Raman spectroscopy were employed for sample characterization.. 
3.7.2. Results under UV light (365 nm) 
The use of TiO2 catalyst for the depollution of industrial wastewaters has to be efficient 
during several weeks, if possible several months (Subba Rao et al., 2004). The reuse of 
catalyst can contribute significantly to lowering the operational cost of the photo-catalytic 
process, which is an important parameter in the applicability of photo-catalysis as a method 
for wastewater purification (Pekakis et al., 2006). In this study, the photo-catalysts after 
reaction at optimum conditions were recovered by filtration, next dried (100°C) and 
employed in a new reaction at optimum conditions. A color change was observed for the TiO2 
catalyst (Figure 3-60). It was initially white and after reaction its color changed to brown. 
Colina-Márquez et al. (2009) reported a similar color change in TiO2 (Degussa P25) after the 
photo-degradation of pesticides. According to them, this is due to chemical species adsorbed 
on the catalyst surface.  
 
 
TiO2 before reaction 
 
TiO2 after reaction 
Figure 3-60. Color change for TiO2 after reaction – UV light 
 
The SEM micrographs at a magnification of 2500 and 10000 for TiO2 and 2% Mo/TiO2 before 
and after reaction are presented in Figure 3-61. After reaction at UV light titanium particles 
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for both materials are agglomerate reducing the available reaction surface. There is a good 
distribution of molybdenum over the used catalyst (Figure 3-62). 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3-61. SEM micrographs of (a) TiO2, (b) TiO2 after reaction, (c) 2% Mo/TiO2 and (d) 2% Mo/TiO2 
after reaction - UV light  
Magnification x2500 
 
 
Figure 3-62. SEM-EDS images for 2% Mo/TiO2 after reaction at UV light 
Magnification x2500 
 
The FTIR spectra of the TiO2 and 2% Mo/TiO2 before and after reaction are presented in 
Figure 3-63 and summarized in Table 3-36. Compared with fresh TiO2, after reaction at UV 
light, two new bands can be observed: 1688 cm-1 and 1409 cm-1. The band at 1688 cm-1 is 
assigned to >C=O bonds of carboxylate (–COO-) groups and the band at 1409 cm-1 is related to 
symmetrical stretching frequencies of –O–C–O– bonds (Gandhi et al., 2012). On the other 
hand, for the 2% Mo/TiO2 sample after reaction at UV, two new bands are observed: 1545 
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cm-1 and 1409 cm-1. The bands at 1545 cm-1 and 1409 cm-1 corresponding to the 
asymmetrical and symmetrical stretching frequencies of –O–C–O– bonds, respectively 
(Gandhi et al., 2012). The new bands indicate the presence of organic species absorbed over 
the surface of catalysts after reaction.  
 
Table 3-36. Characteristic vibration frequencies in FTIR spectra of TiO2 and 2% Mo/TiO2 systems before 
and after reaction 
Wavenumber 
(cm-1) 
Vibration type 
Structural  
unit 
Reference 
3730-3735 -OH isolated group -OH (Vuk et al., 2005) 
3416-3480 O-H stretching frequency –OH, H2O (Choudhury & Choudhury, 2012) 
2353 adsorbed CO2 CO2 (Venkov & Hadjiivanov, 2003) 
1688 >C=O   >C=O   (Gandhi et al., 2012) 
1632 H-O-H bonding vibration H2O 
(Choudhury & Choudhury, 2012) 
(Gandhi et al., 2012) 
1545 
Asymmetrical streaching 
frequencies –O-C-O- 
–O-C-O- (Gandhi et al., 2012) 
1409 
Symetrical streaching 
frequencies –O-C-O- 
–O-C-O- (Gandhi et al., 2012) 
636 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
424 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
 
 
4000 3500 3000 2500 2000 1500 1000 500
0
424
498636
1409
16321688
2353
3434
%
 T
ra
s
m
it
a
n
c
e
 (
a
.u
.)
Wavenumber (cm
-1
)
 TiO
2
 TiO
2
 used UV
 
1800 1700 1600 1500 1400 1300 1200 1100
0,0
1409
1688
1632
%
 T
ra
s
m
it
a
n
c
e
Wavenumber (cm
-1
)
 TiO
2
 TiO
2
 used UV
 
4000 3500 3000 2500 2000 1500 1000 500
424636
1409
1545
1632
2353
%
 T
ra
s
m
it
a
n
c
e
 (
a
.u
.)
Wavenumber (cm
-1
)
 2% Mo/TiO
2
 2% Mo/TiO
2
 used UV
3480
 
1800 1700 1600 1500 1400 1300 1200 1100
0
1409
1545
%
 T
ra
s
m
it
a
n
c
e
 (
a
.u
.)
Wavenumber (cm
-1
)
 2% Mo/TiO
2
 
 2% Mo/TiO
2
 used UV
1632
 
Figure 3-63. FTIR spectra for TiO2 and 2% Mo/TiO2 before and after reaction. 
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A comparison between Raman spectra for TiO2 before and after reaction in UV light was 
developed. The difference was found in the range 2800-3000 cm-1, as presented in Figure 
3-64. The two new peaks are related to C-H symmetric (2865-2885 cm-1) and asymmetric 
(2950-2975 cm-1) stretching (Socrates, 2001) and can be attributed the presence of chemical 
species adsorbed on the catalyst surface. In the case of 2% Mo/TiO2, the new peaks related 
with adsorption of chemical species were also found (Figure 3-65a). An additional variation 
was detected in the range 800-1100 cm-1 for 2% Mo/TiO2. The Raman band at 985 cm-1 
attributed to terminal Mo-O vibrations of Mo4O11 (Dieterle, 2001) was not observed, probably 
due to covering with chemical species (Figure 3-65b). 
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Figure 3-64. Representative Raman spectra for TiO2 before and after reaction - UV light 
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(b) 
Figure 3-65. Representative Raman spectra for 2% Mo/TiO2 before and after reaction - UV light 
 
Results for phenol photo-degradation with the used materials are presented in Figure 3-66. 
Langmuir-Hinshelwood model (Eq. 3.1) described the reaction kinetics as presented in 
Figure 3-67 and Figure 3-68. Kinetic parameters are presented in Table 3-37. 
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Figure 3-66. Photo-catalytic degradation of phenol with used catalyst – UV light 
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Figure 3-67. Comparison between the photo-
activity of TiO2 before and after reaction – UV light 
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Figure 3-68. Comparison between the photo-
activity of 2% Mo/TiO2 before and after reaction – 
UV light 
 
Table 3-37. Results for the kinetic parameters–Used catalyst- UV light 
 TiO2 2% Mo/TiO2 
% Deg (120 min) 100% 100% 
 
1.6864 0.24827 
 
0.11933 0.13564 
 0.20124 0.033675 
R2 0.99931 0.99753 
 
A decrease in photo-activity of both materials was observed due to catalysts deactivation. 
The time necessary to reach the 100% of phenol degradation was higher than for the new 
materials (Table 3-38).  
 
Table 3-38. Time for 100% degradation of phenol – UV light 
 TiO2 2% Mo/ TiO2 
New 90 min 120 min 
Used 120 min 180 min 
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Catalyst deactivation can be attributed to the presence of organic species absorbed over the 
surface of catalysts after reaction producing the decrease of activity by covering the active 
sites; as observed with color change, FTIR and Raman spectroscopy results. Additionally, as 
observed in SEM-EDS and according to Santhanalakshmi et al. (2012), the catalyst particles 
agglomeration prevents the efficiency of the degradation and overall rate of reaction is 
decreased. 
 
Studies over TiO2 (Degussa P25) deactivation during photo-catalytic degradation of phthalic 
acid were carried out previously by Gandhi et al. (2012) and by Colina-Márquez et al. (2009) 
in the case of commercial pesticides degradation. The photo-activity decrease was explained 
due to the chemical species adsorbed on the catalyst surface. The reuse of anatase TiO2 was 
evaluated by Pekakis et al. (2006) for textile wastewaters degradation. They explained the 
catalyst deactivation in terms of poisoning of the catalyst surface due to the deleterious effect 
of intermediates containing N or S strongly adsorbed on TiO2 surface. Subba Rao et al. (2004) 
studied TiO2 in immobilized on organic fibers, pumice stone and polymer film. For 
immobilized photo-catalysts used, the decrease of activity is considered to be caused by the 
elimination of some particles from the catalyst surface during use and also by fouling of 
catalyst surface by the formation of by-products during the course of degradation process.  
3.7.3. Results under Visible light (>400 nm) 
Catalysts were recovered after reaction employing filtration, next dried at 100°C and used in 
a new reaction at optimum conditions. For TiO2, a color change to brown was observed. It 
was similar to the change reported for TiO2 in UV light. 
 
TiO2 before reaction 
 
TiO2 after reaction 
Figure 3-69. Color change for TiO2 after reaction – VIS light 
 
The SEM micrographs at a magnification of 2500 and 10000 for TiO2 before and after 
reaction are presented in Figure 3-70. After reaction titanium particles are smaller while 
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Mo/TiO2 particles are agglomerated. The molybdenum distribution on the used material is 
good (Figure 3-71). 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3-70. SEM micrographs of (a) TiO2, (b) TiO2 after reaction, (c) 2% Mo/TiO2 and (d) 2% Mo/TiO2 
after reaction - VIS light  
Magnification x2500 
 
 
Figure 3-71. SEM-EDS images for 2% Mo/TiO2 after reaction at VIS light - Magnification x2500 
 
The FTIR spectra of the TiO2 and 2% Mo/TiO2 before and after reaction are presented in 
Figure 3-72 and summarized in Table 3-39. Compared with fresh TiO2, after reaction at 
Visible light, a new band can be observed: 1409 cm-1 and is related to symmetrical stretching 
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frequencies of –O–C–O– bonds (Gandhi et al., 2012). The same band appears for 2% Mo/TiO2. 
Those bands can be related to organic species absorbed over the surface of catalysts. The 
band related to >C=O bonds of carboxylate (–COO-) groups which was presented for used 
TiO2 under UV light did not appear. In the case of 2% Mo/TiO2 the band at 1545 cm-1 which 
was observed under UV light was not present at visible light. 
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Figure 3-72. FTIR spectra for TiO2 and 2% Mo/TiO2 before and after reaction. 
 
Table 3-39. Characteristic vibration frequencies in FTIR spectra of TiO2 and 2% Mo/TiO2 systems before 
and after reaction 
Wavenumber 
(cm-1) 
Vibration type 
Structural  
unit 
Reference 
3730-3735 -OH isolated group -OH (Vuk et al., 2005) 
3416-3480 O-H stretching frequency –OH, H2O (Choudhury & Choudhury, 2012) 
2353 adsorbed CO2 CO2 (Venkov & Hadjiivanov, 2003) 
1632 H-O-H bonding vibration H2O 
(Choudhury & Choudhury, 2012) 
(Gandhi et al., 2012) 
1409 
Symetrical streaching 
frequencies –O-C-O- 
–O-C-O- (Gandhi et al., 2012) 
636 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
424 Ti-O Ti-O (Gomathi Devi et al., 2009b) 
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Comparing the Raman spectra for TiO2 before and after reaction in visible light in the range 
2800-3000 cm-1 (Figure 3-73), the peaks associated with C-H symmetric (2865-2885 cm-1) 
and asymmetric (2950-2975 cm-1) stretching are also present (Socrates, 2001). Those peaks 
can be related to the presence of chemical species adsorbed on the catalyst surface. In the 
case of 2% Mo/TiO2, only the peak related with asymmetric (2950-2975 cm-1) stretching 
(Socrates, 2001) is observed (Figure 3-74a). Additionally, in the range 800-1100 cm-1 for 2% 
Mo/TiO2, the Raman band at 985 cm-1 attributed to terminal Mo-O vibrations of Mo4O11 
(Dieterle, 2001) is not observed. It is possible due to covering with chemical species (Figure 
3-65b). Similar results were observed under UV light. 
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Figure 3-73. Representative Raman spectra for TiO2 before and after reaction - VIS light 
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Figure 3-74. Representative Raman spectra for 2% Mo/TiO2 before and after reaction - VIS light 
 
Results for photo-catalytic degradation of phenol with the reused materials are presented in 
Figure 3-75. 
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Figure 3-75. Photo-catalytic degradation of phenol with used catalyst – VIS light 
 
The n-order kinetics (Eq. 3.4) can describe the reaction. Kinetic parameters are summarized 
in Table 3-40. 
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Figure 3-76. Comparison between the photo-
activity of TiO2 before and after reaction – VIS 
light 
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Figure 3-77. Comparison between the photo-
activity of 2% Mo/TiO2 before and after reaction – 
VIS light 
 
Table 3-40. Results for the kinetic parameters–Used catalyst- VIS light 
 TiO2 2% Mo/TiO2 
% Deg (120 min) 9.74 25.75 
 7.1508*10
-6 2.8608*10-5 
 2.5 2.5 
R2 0.9675 0.9818 
 
Photo-activity decreased for both materials due to catalyst deactivation. However, the 
deactivation of TiO2 was higher than for 2% Mo/TiO2. After 5 h of reaction, the used TiO2 
degraded only 9.7% while the 2% Mo/TiO2 degraded 25.8% (Table 3-41).  
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Table 3-41. Degradation (%) after 5 h of experiment – VIS light 
 TiO2 2% Mo/ TiO2 
New 35.15 33.66 
Used 9.74 25.75 
 
The Kapp value for new TiO2 was 6.6 times higher than the Kapp for the used material. In the 
case of 2% Mo/TiO2 the Kapp value was 1.6 times higher than the one for used material. As 
observed in SEM-EDS, FTIR and Raman spectroscopy, the decrease of photo-activity is 
attributed to the organic species absorbed over the surface of catalysts after reaction which 
cover the active sites.  
3.7.4. Conclusions 
 Degradation rate decreased due to chemical species adsorbed on the catalyst surface. 
FTIR and Raman spectra presented additional bands related to organic species. For 
the used TiO2 the color change was attributed to adsorbed species.  
 
 When used catalyst was employed for the reaction at optimum conditions, a decrease 
in photo-activity was observed. It was attributed to the organic species absorbed on 
the surface of catalysts after reaction which cover the active sites, as detected in FTIR 
and Raman spectroscopy. 
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4. GENERAL CONCLUSIONS AND PERPECTIVES 
4.1. General conclusions 
Heterogeneous photo-catalysis employing TiO2 has been considered an alternative for 
wastewater treatment. It is able to achieve depth changes in the pollutant structure and 
degrade toxic compounds like phenol. TiO2 is almost an ideal material due to its (i) high 
efficiency in solar energy conversion, (ii) high activity, (iii) biological and chemical inert 
nature, stability, (iv) availability and low cost. The principal problem of TiO2 is that it only 
uses a low fraction of solar spectra. In addition, the photo-induced electrons and holes tend 
to recombination. It is a challenge to improve its sensitivity and photo-catalytic efficiency. 
 
Therefore, the aim of this thesis was to modify the material by doping of TiO2 with transition 
metals. The comparative study of the thermal, textural, morphological and physico-chemical 
properties of TiO2 and Mo/TiO2 systems was developed. The most relevant conclusions of 
this thesis can be summarized as follows: 
 
 Titania pore obstruction was observed in the case of TiO2 modification with metal 
ions characterized with ionic radius higher than that of Ti (Co, Cu and Fe). Agglomerates size 
of TiO2 was found to decrease as a consequence of impregnation with metal in the following 
order: TiO2 > 1% Fe/TiO2 > 1% Cu/TiO2 > 1% Co/TiO2> 1% Mo/TiO2. The presence of the 
impregnated metals with uniform distribution in the TiO2 support was confirmed by SEM-
EDS measurements. Presence of MxOy species for the 1% M/TiO2 systems was confirmed by 
FTIR and Raman spectroscopy, and compared with those reported in the open literature. 
 
 More basic values of ZPC for 1% Fe/TiO2, 1% Cu/TiO2 and 1% Co/TiO2 were found 
than that of TiO2. It was related with presence of MoxOy species on titania surface, such as 
Fe2O3, CuO and CoO, characterized with less acid behavior than titania. On the other hand, in 
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the case of 1% Mo/TiO2 the ZPC moves to a more acidic value, comparing with TiO2, 
indicating a surface enrichment with the species of acidic nature, such as MoO3. 
 
 At UV light, the photo-catalytic activity of 1% M/TiO2 systems decreased in the 
following order: 1% Mo/TiO2 > 1% Fe/TiO2 > 1% Cu/TiO2 > 1% Co/TiO2. The photo-catalytic 
behavior was related with the mean pore size diameter and the ZPC. As the ZPC increases, the 
photo-activity decreases, following the order of acidity proposed by Smith (1982). On the 
other hand, as the mean pore size diameter decreases, the photo-activity decreases. This can 
be attributed to the pore obstruction observed in the materials impregnated with metals of 
high ionic radius: Co, Cu and Fe. 
 
 In visible light, the following order for phenol degradation employing 1% M/TiO2 
systems was found: TiO2 > 1% Mo/TiO2 > 1% Co/TiO2 > 1% Cu/TiO2 > 1% Fe/TiO2. 
Molybdenum was more active due to its small agglomerates size, lower ZPC, similar atomic 
ratio between Mo and Ti, the more efficient charge separation due to new energy level 
produced in the band gap of TiO2 by the presence of MoxOy phases and the Mo-donor level 
below the conduction band of TiO2. 
 
 The presence of Molybdenum with a good distribution was confirmed by SEM-EDS 
measurements. Agglomerates size decreased after Mo impregnation in the following order: 
TiO2 > 0.5% Mo/TiO2 > 5% Mo/TiO2 > 3% Mo/TiO2 > 1% Mo/TiO2 < 2% Mo/TiO2. 
Molybdenum impregnation reduced the band gap of TiO2 Degussa P25, showing a slight red 
shift in the band gap to longer wavelengths. ZPC decreased with the increasing amount of 
impregnated Mo, due to the enrichment of TiO2 surface with acidic species such as MoO3. 
 
 The different MoxOy phases were detected on titania surface, depending on the 
amount of the Mo % weight. Different phases are present according to the Molybdenum 
content: [Mo7O24]-6 for 0.5% Mo, mixture of phases based on [Mo7O24]-6 and [Mo5O17]-4 for 
1%Mo, Mo4O11, an additional [Mo8O26]4- phase for 2% Mo, [Mo10O34]-8 for 3% Mo and/or 
MoO3 for 5% Mo. 
 
 The following orders of catalysts activity in phenol degradation were found: 2% 
Mo/TiO2 > TiO2 > 1% Mo/TiO2 > 3% Mo/TiO2 > 0.5% Mo/TiO2 > 5% Mo/TiO2, under UV light 
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and 2% Mo/TiO2 > TiO2 > 1% Mo/TiO2 > 3%Mo/TiO2 > 5% Mo/TiO2 > 0.5% Mo/TiO2, under 
visible light. The optimum concentration of dopant ions is responsible for the creation of the 
thickness of space charge layer substantially equal to the light penetration depth and in this 
case is 2% Mo. Its higher activity was attributed to the effective separation of charge carriers 
and the synergetic effect between BET specific surface area, mean pore size diameter, 
agglomerates size, band gap and ZPC. 
 
 A Box-Behken experimental design (BBD) was performed in order to optimize the 
process.  Under UV light, the following conditions that maximized the apparent reaction rate 
constant employing TiO2 and 2% Mo/TiO2 were found: pH=8, Ci=10 ppm, Cat=0.7 g/L. For 
the reaction at optimum conditions, Langmuir-Hinshelwood model was able to describe the 
kinetics of both materials. High activity under alkaline conditions was obtained due to the 
higher amount of active hydroxyl groups on the TiO2 surface. Better photo-activity at low 
phenol concentration was due to the fact that an excessively high concentration of phenol 
saturates the TiO2 surface and can produce catalyst deactivation. Photo-catalytic activity 
increased as catalyst loading increased. In the case of the used materials, degradation rate 
decreased due to chemical species adsorbed on the catalyst surface and catalyst 
agglomeration. 
 
 The Box-Behken experimental design (BBD) was also performed in order to optimize 
the process at Visible light. In general, at low catalyst loading, 2% Mo/TiO2 is expected  to be 
better than titania for the photo-degradation of phenol. The conditions able to  maximize the 
apparent reaction rate constant for TiO2 were the same that for  UV light. In the case of 2% 
Mo/TiO2, the following conditions that maximize the apparent reaction rate constant were 
found: Ci=10 ppm, pH=3.57, Cat=0.1 g/L. In Visible light, the reaction is better  under acidic 
conditions. As the light intensity is lower,  the degree of light absorption by the catalyst 
surface is reduced; in this way,  lower pH can increase the adsorption of pollutant on catalyst 
surface. At optimum conditions, a similar order of reaction for was obtained for both 
materials. However, in the case of 2% Mo/TiO2, the catalyst loading needed for the effective 
phenol photo-degradation was 7 times lower than that of TiO2. 
 
 When used catalyst was employed for the reaction, performed at optimized 
conditions, a lower photo-activity of all studied system was observed. It was attributed to the 
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organic species absorbed on the surface of catalysts after reaction which cover the active 
sites, as detected in FTIR and Raman spectroscopy.  
 
3.1 Future perspectives 
 
The following future perspectives of this M. Sc. thesis can be mentioned: 
 
 To implement the synthetized photo-catalyst in the photo-degradation of 
wastewaters coming from the national industry. 
 
 To immobilize the synthetized photo-catalyst over different materials (for example 
glass) in order to facilitate catalyst recovery, cleaning and reuse. 
 
 To develop an intensified reactor for the degradation of phenol, employing the 
synthetized photo-catalyst. 
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